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KEYNOTE ADDRESS0

* John L. .l)aniel
U.S. Arms Missile Research dfld Development Command

% Redstone AXrsensal. AL -F-

Adequate testing is an essential step in the developmenot requalificaton of new product ion hardware, modification and
process. Much of the success in developing better weapons improvement of existing systemns. and incorporation of new
and delivering them to the soldier is due to insistence that developments into fielded systems. However, MIRADCOM
they survive adequate environmental tests. Designers scream is primarily involved with the development of new advanced '
that their acophisticated hardware is being torn up but testing systems.

* continues because the real world on the battlefield is the
*wrong place to find design weaknesses. Designers should NIIRADCONI has full responsibility for the development
* analyze and simulate the environments which their com- and initial procurement of all Army missile systems. A quick:

ponents will have to endure before they are incorporated into )uok at some of the new svstems will illustrate the challenge
missile and rocket systems. Certainly t he analy'sis of the of d--veloping realistic shocek and vibration analysis and simu-
response of these components to the shock and vibration lation testing of missiles. PERSHING 11 is an extremely
stimuli is significant to their survival. Testing in the US accurate long-range missile system currently in advanced
Army Missile Research and Development Command development. PERSHING 11 will provide improved military
(MIRADCOM) laboratories, to the shock and vibration effectiveness against the complete target spectrum, while
criteria which have been developed and continuously up. limiting collateral effects to the military target.
dated, reveals how well the analysis has been done. This

*booklet will discuss shock and vibration from the Army view- The accuracyN for PERSH1NG 11 is (ibtasined by the use
point and highlight some areas where improvements in test if .! terminally guided reentry vehicle, %%. hich contains both

methods would be especially helpful. i h guidance and ivarhead. The termainal guid~nve approach
for 'RSIIIN(; 11 utilizes a radar area correlation process

In February 197 .7 the US Army Missile Command which' comrpares a live target scene fronm a scanning radar with .- a'I

* (MCOM)was divided into two new commands: Ihle US ., 'c' refe.-ence scetie of the target area.
* Army Missile Material Readiness Command 0MIRCOM) and
* the US Army Missile Research and Development ('iimind Pie tactical remnrv vehic~e will use the current PERSH- -

* (MIRADCOM). ING svolid propellant boosters and can he accommodated by
preent PERSHIING IA ground equipment with minor mnodi-

* MIRCOM, the readiness commantd, as the name implies. fications.
* has responsibility for production of' missile and related hard-

ware, supplying this material to the troops in the field. k; Thle VIPER svsten is if short-range. manportable. anti-

,s responsible for material maintenance until it is obsolete tank %weapon. The tactical round consists of a free-flight ~
GEN Louis Rachmeler. trstpr'vdin an expendable launcher 1h ist also serves as the

tact al s rag cotf .si'r. his systein sat isf ies the opera- ~ -

MIRADCOM is the research and development side of the i isotil reslipirs'nent to prssviile a higher hit probability. greater
house at Redstone and is responsible for missile ress-anIt and 1--i holit%. lonut-r effe, t s'.s- ite. and incto-aised reliabilityTsIhe
development management, the Missile Intelligence .'gen . 1PER ,,eanon will ht'aal etgtrae sarudo

* and the in-house laboratories. MA3l (,,EN Charles V. o-' ts is11u1 nio : n. wvill :5e sssststeiaiwe fr-s. vapable of lone term

the commander of MIRAD(X)M. 't, r.! ivtwit ts Iiiin' dos'2rad o ,ntn will he relativels. %

mts's vi~liss to rido, iss-mironnicrital contditions.
These two commands, teanmed wit h the US Arttts M, ,slc

and Munitions V'enter and School. also locatedl :it ll-dst oS. - s-stc.I '.u~port n. ki s'\-ss:vt i GSlSi is envisioned
w rk together to develop, prlut c, maint sin, and :s t si t .sv i ' ivotii'r, mltitv rf .( kcst lu hititer s% sten esign-LI to

sodesin the use of the weapons necesary f, sr the modserni wt -0l raitli. nisit !,ijisr. indires t firn, supposirt against time--

army to defend itself against outside threait, to t he securit 1 -s'rsit xc v litst.[e rocket will [is, un-,uided and will have a -

of the United States, highl dl'.'rs-e of acs-uracs . The [siuns Itei loader will be a self-
ss. is- i .ksi'i vs'lt Ile witt Is tis 1w capahilit v tos support *

%MIRADCOMI has the in-house, - Ia tlsso'- i-clho' a ,.I 5.", i- rocks t 1;I ni ers. lThe firse us ntrol'qip smt-nt will

%expertise and fac ilities, It supports the '-duct isn s ids in s' rir iff l he is ,ic her Isloaer vehiclIs- [he rocl" o ' d will
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1A __1 4.

-1.W -- .

Fo Ve' .,-, ' 5 -a) V* 
- ' .- " .

l*-5.r 
W-

%., .. 4 , 4 ,* *~ 5~. * ~ .\-~- % %**q



serve as a shipping container, a storage container, as well as The modularity of the fire unit provides potential for
a launch pod for the rocket. usage on a variety of platforms in the future. The system is

almost identical to the European version of the system.
The mission of GSRS is to provide field artillery fires in Almost all components will be fully interchangeable. One

general support of a division of corps by delivering large vol- major difference is the mounting of the air defense com-
umes of effective firepower in a very short time against criti- ponents into a self-contained modulh which can be removed 0
cal, time-sensitive targets with a variety of warhead options from the vehicle.
and without the necessity to mass large numbers of weapons ..- "

and men. A broad spectrum of land combat and air defense,
ranging from shoulder fired infantry weapons to long range

HELLFIRE - The HELLFIRE weapon system will con- nuclear missiles is being developed. As a result, there are
sist of the HELLFIRE missile system, laser designators, com- wide variations in environmental criteria. These operational
munication network, and scout and attack helicopters, environments and some of the types of simulated tests used -.
Ground designation and scout helicopter designation provide to develop and produce these systems will be summarized in
the attack helicopter with a launch-and-leave capability, the following paragraphs.
Fire-and-forget missile/seeker configurations will allow target
acquisition and firing from the attack helicopter without the MIRADCOM must concern itself with two types of
assistance of any type of target designation. transportation and handling: the commercial or logistical

transportation from point of manufacture to the final use
The HELLFIRE missile system will include a helicopter area and the field or tactical transportation associated with

launcher missile equipped with a terminal homing seeker and training and combat.
a shaped charged warhead. The missile configuration will
have the capability for modular seeker replacements. Anyone who has used the US mail or commercial freight

lines is well aware of the problems associated with this form
The HELLFIRE modular missile system is designed to of transportation. Military equipment shipped by commer-

defeat hardpoint targets in the forward battle area over a cial truck, rail, air, or ship fares no better. In World War II, it
wide operating envelope of speed, flight profiles, and attack was found that more than half of the equipment arrived at
scenarios, the scene of operations in either a damaged or unusable con- 0

dition due to handling and transportation induced shock and
STINGER - STINGER is the shoulder-fired member of vibration. All Army equipment is packaged in an attempt to

the family of short range air defense (SHORAD) weapons protect it from damage by loading, transporting, or acciden-
protecting the field army units. The system will normally tal dropping. All containers used for Army equipment are -.
be employed to provide low-altitude air defense for units designed and tested to this anticipated environemnt.
operating near the forward edge of the battle area. The
system may also be employed to provide air defense for vital For example, within the last 18 months at MIRADCOM,
areas when no other ground-based air defense means are avail- a new 18,000 force-lb shaker and a high performance shock
able. The complete STINGER weapon system consists of the machine were purchased. The shaker sustained over
weapon round, battery coolant unit, identification friend or $2000.00 in damages in shipment from the manufacturer.
foe, containers, and support and training equipment. The shock machine was so badly damaged in a train derail-

ment that it was returned to the manufacturer.
The US ROLAND is an all-weather, low-altitude,

command-to-line-of-sight (CLOS) air defense weapon system Those who procure military equipment should be aware
designed to perform the SHORAD mission. Salient features that the commercial shipment and the shock and vibration
of the US ROLAND are as follows: problems associated with this environment cannot be over-

looked.
, 1. A missile can be launched at an attacking aircraft

in a matter of seconds. During the other form of transportation referred to as %
field or tactical use, the Army has a large number of shock

2. Each fire unit contains 10 missiles that can be fired and vibration problems to overcome. Some systen". while
during the course of a single mass raid. still packaged for commercial transportation t.iay he trans- 0

ported by military truck, tracked vehicle, or helicopter
3. The fire unit is mounted on the self-propelled, before they are removed from their protective containers. " -C

M109 tracked vehicle. Once the item is removed from its container, it may be
mounted to a helicopter, tank, truck, trailer, or man carried. .. '

4. The surveillance radar can perform target search Each of these forms of field use has a unique vibration and
during fire unit movement, shock environment that must be considered when it is

designed. Self-induced shock and vibration during equipment
5. The fire unit can halt and fire at attacking aircraft use can be severe and must not be discounted.

within seconds after target detection while on the
move. Obviously, each system fielded by the Army is unique

to its environment; each system must be tested differently.
6. The fire unit can move from a deployed position The environment for a helicopter mounted missile is different

within seconds after receiving a march order. from that experienced by a man carried weapon.

-- .
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Some of the tests that may be used at MIRADCOM The answers to these questions should be an important
to see that this toughness is built in may be a series that starts part of this symposium's theme. From the Army's stand-
with a design verification test on prototype hardware to point (at MIRADCOM) this technology should be used ef-
make modal studies, determine dynamic response, and con- ficiently so that it transfers to cheaper, lighter, and more
duct preflight vibration tests to ensure basic integrity, reliable equipment in the field. Of course, MIRADCOM

along with anyone else in the development process, is always

Later in the development cycle, prequalification tests constrained by the state-of-the-art, cost, schedules, and stand-

may be conducted to apply military standard shock and ardization. Much of the time, aspirations are not realized.

vibration tests to hardware representative of production All that is accomplished here should be directed toward

type items is an effort to discover any design deficiencies something constructive whether it is better military hard-'. prior to full qualification and subsequent production. ware, advancing the state-of-the-art, or creating a better

life style for all.

Next, safety tests are conducted in which these items MIRADCOM has an excellent shock and vibration capa-
are overstressed with shock and vibration to determine if bility which is used as a means of staying abreast of what is
any hazards to the field troops exist due to extreme environ- going on in the entire shock and vibration community. The
ments. Safety tests will also be conducted at normal vibra- technology has been moving rapidly in the past few years and
tion or shock levels to satisfy requirements for a flight release gatherings like this symposium are valuable. Close coordina-

% on new designs for equipment to be installed on aircraft. tion and communication help to prevent wasting resourcesI and resolving problems someone else has already solved.

Qualification tests are conducted to insure that the
equipment will meet those environments anticipated in In any technical endeavor there is always room for im- . -
world-wide development. These items are tested in larger provement. There are two areas that deserve increased atten- '
samples than previous tests for statistical confidence and con- tion.
sist of a full sequence of shipping, handling, field, and opera-

* tional tests. The first one is a way this community can best corn-
municate vibration and shock to a manager in a form more

When a system is fielded and in the hands of the combat useful to him in developing hardware. There are military
:-. • troops, continual testing is still required. This program is specifications which are used almost universally in establish- ..- .'

called "fly-to-buy." The fly-to-buy plan has been very suc- ing initial requirements but may not always be applicable to ,-.
*". cessful from the Army's standpoint in assuring the Army that the product being developed. These specifications are some- .

the hardware bought is reliable, and maintains the standards times overly severe when interpreted literally and can lead to
developed into it. These tests may be called first article tests, laboratory failures which are not reproducible in the field. - - -

lot acceptance, or production verification; but in essence, it General specifications have been used for many years at Red-
means that for each production lot, a sample is taken, envi- stone with much success, but sometimes it is difficult to

ronmentally treated, and operated. If these tests are success- apply a general standard specification to a sophisticated de-

ful, then the lot is accepted. sign intended for specialized use.

Since weapons undergo this wide diversity of stimuli, Tests that have been proposed to circumvent this prob-

MIRADCOM is confronted with the difficult problem of lem and tailored to a particular system or subsystem have in

establishing shock and vibration tests which are realistic and some cases been worse due to the cost and time involved. %
adequate to insure survival in the real world. All criteria are These tests generally require extensive facilities such as multi-

important: the first, because inadequate tests mean inade- pIe shakers or computer control systems, thus few groups can
quate weapons for the soldier; the second, because excessive perform them. This really becomes a problem when new sub-

requirements drive up weight and costs. systems or components are developed and need qualifying.
Another disadvantage to tests of this type is that they are dif-

There is an expression "a good test is worth a thousand ficult to describe in, and interpret from, a procurement
document.

expert opinions." It is not all that simple until it is deter-
mined just what a "good test" is. A good test was once de- A.
fined as "one which fails equipment which will fail in service A second challenge is one of data exchange and presen-
a wi tation. The Army fields equipment which is transported by a

eqimetsrvc, multitude of commercial and tactical ground and airborne

vehicles. Many goveriiment agencies and contractors have %
Many times project managers will very comfortably conducted field tests on most of Ihese vehicles and have re-

specify a procedure, curve, and figure from a military stand- corded an analyzed hours and hours of data. It would
ard and then move on to what they think are more important obviously be of immense value to everyone involved to have
things. The result is often a waste basket full of parts and a all of these data compi!ed at one location and made available
frantic cry for help. This is never a good test. The solution to participating members of the shock and vibration com- AD
is proper analysis and simulation prior to testing. munity. MIRADCOM's dynamics people have received many

inquiries from project managers looking for such informa-
Another important consideration is how the vibration Lion. For example, a project manager may want to know if

community can best communicate this complex and special- lie can install his system in a "Y" vehicle without conducting
ediz technology to managers in a form most useful to them a large scale measurement and test program even though the %.

in selecting requirements and establishing test specifications, system was orginally designed for the "X" vehicle. Such r.

- -" xiii
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questions could be handled much better if immediate ref- These are the challenges for future developments in the
erence could be made to a document presenting summarized field of shock and vibration syst ems.* data from both the "X" and "Y" vehicles.
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INVITED PAPERS

SHOCK RESPONSE RESEARCH AT THE WATERWAYS EXPERIMENT STATION

Colonel John L. Cannon
U.S. Army Engineer Waterways Experiment Station

Vicksburg, Mississippi

Background S RM
.ATERW EXPERIMENT SIATIONI

l DIREC TOR -- TNICA~l

The Waterways Experiment Station (WES) was estab- SSCA T DIRETOR.S.

lished in 1929, two years after the most devastating flood TCI*INCAL OR Lc A

ever to strike on the lower reaches of the Mississippi River
basin. The Waterways Experiment Station is located inADSOY AINTATVSAF

Vicksburg, Mississippi, which is situated midway between
Memphis and New Orleans. An aerial view of the Waterways TEC"N'CAL I.A_0RAT1RES ,. .
Experiment Station, (Figure 1) gives some idea of the physical
have been recognized this past year as an arboretum by the LSS NSET

Garden Clubs of Mississippi.; -TECHNICAL ISUPPORT

ENGINEERINGBT ECNCL PBICTOS A TM AT IC

SEN RVIES CONSTRUCT'ON F ATA
SR,'C SERVICES [ RAIP RPI RS PROCESSING'

JULY 75

•Figure 2 - Technical missions of the Waterways
Experiment Station

Laboratories. As the origin of the Waterways Experiment
Station WES was based on the use of physical models for
hydraulic studies, we have employed this tool to other fields, .4.

coupled with theoretical studies as well as complex labors- *1 4 "tory and prototype testing. I have selected several projects
that will serve to exemplify the shock response research con-
ducted.

." Figure I - Aerial view of Waterways Experiment Station

Dams
The original technical responsibilities of WES involved

* hydraulic engineering with the physical model being the North Fork Dam. This 150-feet-high, 620-feet-long
principle tool for early investigators. Since then the technical (crest length) arch dam is located on the North Fork River :0
mission has grown and now includes research in soils, con- in Northern California several miles upstream from the site

- crete, mobility, weapons effects and environmental engineer- of the Auburn Dam now under construction, (Figure 3).
ing. The technical missions are accomplished by six technical
laboratories, (Figure 2). The administrative and supporting A 1/24-scale model dam was constructed and subjected
technical staff, i.e., Instrumentation, ADPC, Shops, etc., are to vibratory loads; in one case, two mechanical vibrators were '

also shown. Our current strength is about 1400 employees, placed on the crest and vibrated in-and-out of phase with
each other, (Figure 4). A large hydraulic shaker was also . -

used to excite the base of the model dam for comparison
. Shock Response Research with results obtained from the tests using vibrators on the

crest. Shaking the dam at its base more nearly represents the
* .. Today. I would like to discuss the shock and vibration loadings that might be induced by an actual earthquake. ". -

work done at the Waterways Experiment Station primarily Vibration tests similar to those on the model were conducted %
in the Weapons Effects, Soils and Pavements, and Hydraulics on prototype. -%-
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Figure 3 - North Fork Dam Figure 4 - Vibration test of 1/24 scale model
North Fork Dam

Kt

Figure 5 - Finite element model of perfectly fixed dam

In addition to the model and prototype tests, finite ele- has been assisting Districts in performing seismic analysis of S
ment calculations were made for the case where the dam was these structures. Shown Figure 11 is the finite element

. considered perfectly fixed, (Figure 5) and another where the grid of Fort Peck Dam that was used in the computerized
dam was considered to be tied to the foundation material, portion of the dynamic analysis of the Fort Peck Dam.

.- (Figure 6).
Controlling the high-velocity flow that occurs in some

The mode shapes for model results scaled to prototype sluiceways in hydraulic structures can cause flow-induced

compared very favorably, (Figure 7). The finite element pre- hydroelastic vibrations. These vibrations can cause sub-9
diction also compared favorably with test results, (Figure 8). stantial damage to even massive structures. An example of

Note that the predictions for the finite element code that such damage occurred at Libby Dam on the Kootenai River,

included the foundation material compared best with the see Figure 12. In this case, severe cavitation damage occurred

experimental results. along the floor and walls of the sluice and shock-type noises
came from the gate, see Figure 13 and 14. The sluice was

"In addition, the damping factors for the dam ith the repaired, the control valve was instrumented with accelerom-

reservoir full and empty were determined as well as the par- eters and pressure transducers were installed in the sluice
of the water in influencing the natural floor, see Figures 15 and 16. The test results showed no cor-

ticipation the ater mass in f ibrat. fre- relation between the flow-induced vibration of the control
quency of the dam for various modes of vibration, gate and the large pressure fluctuations along the floor of the

sluice. Since the alternate reason for the large pressure
A comparison of the calculated natural frequencies, fluctuation involved the slope of the sluice (which causes low . -i

those measured on the prototype, and the model resuLs pressures to exist along the sluice floor) and the roughness of
scaled to the prototype, show excellent agreement and, there- the floor (which causes large turbulent fluctuations in the
fore, add to the confidence in the role of both the physical flow) the problem was further studied by means of hydraulic
and analytical model in making prediktions, (Figure 9). model tests, see Figure 17. The results of these tests indicate

that an aerator could be placed in the sluice so as to eliminate
As a result of the near failure (Figure 10) of the lower the cavitation damage in the sluice and that the gate vibration

San Fernando Dam during the San Fernando Earthquake of 9 could be prevented by limiting the gate opening or modifying - -

February 1971, the Corps of Engineers has been reevaluating the intake roof shape and; hence, the problem was solved
its hydraulic fill dams. The Waterways Experiment Station through the use of a model. .. -.

2
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roof and wails of the structure so that the entire external sur- 5

located at fixed locations within the structure produced
signturs idictin ho enrgywastransferred from an ex-

teral ocaiontoan ntenalloatin, Figre20). This
sigatue i caledth trnsfr fncton ndrelates some ex-

ternal location to an internal location for a range of fre-9
qeci.(Figure 21).

Figure 2 LibbyDam Byknowing the transfer function for all the patches 1%

ovrteentire surface of the structure, it was possible to en-
guftestructure with the actual DIAL PACK airblast load,0

setacceleration of particular points within the structure,
'[he shock and vibration transmissivity characteristics (Figure 22).

of the Perimeter Acquisition Radar (PAR) building, was
studied b% codcigmde et.Te uligi 15fe oparisons of predicted (using the transfer functions).
high. 194 feet wide at its base, has walls that are 11 feet thick and mneasured results of the DIAL PACK tests, are in ('lose
at the biase. and floors that are 3 feet thick, see Figure 18. agreement therelsy giving some confidence in the use of trans-

frfunction, (Figure 23).
% A I I 2-scale nmodel of the prototype was conqtructed

andl te.-tt-d in the [DIAL PACK Event (500-tons of lIE) con- Vibration tests were then conducted on the prototy-pe;
dute-i at the Suffield Experinmental Station in Canada, see however, it was not p~ractical to map the entire structure be-%

- 1itiri- 19. Interface surface pressures as well as internal ac'- cause of the size of the vibrator and the building. Therefore,
eli-rat in indl 'train were measured, by verifying the principle of reciprocity, it was also posible

t ipthe walls, (Figure 241. First the vibrator was placed
* .fto'r the DJIAL. PACK Event.- test.s were conducted by on the roof as shown, and a measurement made at a point on

- 'I into e la~lcing inet hanival vibrators on thleo(utside. one of the floors. T[len the drive point and measuring point

h'%t % %
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Figure 19 -One-(tWelfth scale model of perimeter acquisition Figure 20 -Arrangement for measuring transfer function on 7

radar building wall of scale model perimeter acquisition radar building
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Figure 22 - Schematic load and transmission paths
for scale model perimeter acquisition radar building
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,'. ,'. ~ ~~~i'ure 27 S U D hc k isolation platforms forsytme 'i! i!

-'." , . . ;:, ., . , Figure 28 - Transportable vibrator for exciting .'",-,
.% '. .. large structures ,-'..

€ . I"WI-Ire 29 Scale model reinforced concrete arch for-'_-.
- unaderground command and control center

-1t,, be acecelerated to approximately 5 g. Since the actuator is slab attenuated very slightly and no noticeable attenuation i !;.

, ."strvo (,ntrolhed, complex waveforms can be duplicated in ad- occurred for the horizontal acceleration across the floor
II d~l i Ionro Ihe. more c'ommon sine wave forcing functions. In indicating the structure moved as a rigid body. Proceduresw- .. __

Oite Inert ial ma.ss configuration, the vibrator system can be were developed for predicting the acceleration levels within
' "'" ~uwd I,) exc'ite extremely large prototype or model structures the structures from free-field values predicted at the leading ..-

,*... ,so that a dyvnamic performance assessment can be made, see edge of the structure. The close-in charge, 21 pounds located .. "
='°, ["il ure. 28. (it should be noted, however, that the actuator 3 feet from the arch, caused a significant breach, see Figure."'1

,,, lvis tort mounted to facilitate removal for testing 31.- -.

:' in Hit. wriventional reaction mass mode. In all cases, the sys-

,O ~ ~~tm v h~draulicalb:, powered by a 70 gpm supercharged '"'"" "

rT1111p.s upplied b% atpproximateiy 250 amp, 440 volt, 3-phase Conclusions
" " -lf,itri' po,%et.)

In summary, we hawc used physical models, mathemati- '..-.
• "" cal models, and vibration tests to determine the response of-'-, -

'--" Lir id St ruo t ures,Ireal systems to shock and vibratory loads. Stich approaches.-' '*
.'.- 'i ' ,ode.l bonried arch for use as a command and control using state of the art analytical and testing techniques have- -•

r " ,,*,t,,~r - -w 1, , lt icted to the shock effects detona- made it possible to solve difficult design problems as well as--" %-'.

. ~ ~ w ,:.iulat i! ne'ar mvss, of onvent ional bombs. A view verify the capability of system, to function when subjected
•.. J hf- n1., wh ,t,,r,, witiv, 1 -,v~red with soil is shown in Figure to transient forces resulting from earthquakes and turbulent
• - '.'9 I[I,. Ifst plan u I.h, I F bivure 30. It was interesting water flow as well as shocks produced I)y the detonation of.,.-.

".°." ~I,, wa t- I. hat I, e ert i('ca 'at (erho across t he entire floor explosives.' """"
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TECHNICAL INFORMATION RESOURCES
FOR THE SHOCK AND VIBRATION COMMUNITY

Edward J. Kolb

* Principal Technical Information Officer
U.S. Army

Let us first consider how information has come to be a % LAIM
technical discipline over the past 10 years, and where we are FOC
in the state-of-the-art in this field.

In 1957, the International Geophysical year was " " "M
heralded by the world's first earth satellite vehicle, Sputnik. X.-

It was the successful accomplishment of many disciplines
that enabled the achievement of Sputnik and these, in turn, U
brought about the information "explosion." Sputnik was
possible because the technical parameters necessary to -
achieve success with an earth satellite vehicle were simultane.
ously available to us. These included: escape velocity IM If 21 X 41 N 0 IM '.,

boosters, high vacuum technology, world-wide telemetry, YEAR
- automatic data processing, techniques for assimilating vast Figure I - United States Workforce

amounts of information synoptically, and many others. This
information could be forwarded on line to a central control.-" -

facility and a feedback signal could correct an off-normal necessarily limited to films. If you will scan the media '
condition. Ever since this epic period, information has been mentioned in this figure, you will see that the increasing
mushrooming to the point where the management of infor- "bin" storage is moving us into an enormous information .
mation has indeed become a discipline in its own right, handling capacity.

Figure I shows what has happened to the workforce in Figure 3 shows a similar growth rate but illustrates
the United States and how it relates to the information storage in the third dimension. This relates the maximum
domain. You see that roughly 75 percent of the workforce, practical limit of storage capacity to the DNA molecule.
in the beginning of the century, was devoted to agricultural .

pursuits. This continued until around 1940 when it began Figure 4 shows the shrinking work week as a result of
to taper off to the point where today only 5 percent of the the industrial revolution. We see that from 1890 through ,,

US. workforce is involved in agriculture. (We must be eating 1970 we have moved from a daylight-hours work day to
a lot less.) The reason for this dramatic shift is because we something less than 40 hours per week. This has been
are doing a much better job in agricultural productivity, made possible because of the industrialization and the infor-
What is the rest of the workforce doing? The industrial mation transfer process.
revolution absorbed much of the nonagricultural workforce. .

*'" " Since the 1940s, the muscle-intensive society of agriculture Figure 5 relates energy resources to the same period of ." " ".

and industry has yielded to a brain-intensive workforce. In time as shown above. Animals were used heavily up through
other words the goods-business society of pre-war times has the 1930s as a primary source of energy. Human energy
become a services-business of post war times. Seventy per- played a large part also in the early mid-century. Following

0 cent of the entire U.S. workforce (which is 85 million this, however, these sources have fallen to a mere 5 percent
people) is now devoted to services industries, most of which of our current energy use. Electromechanical energy use has
involves information activities, continually risen to the point where it now accounts for 90 %percent of our current production. ,.

Figure 2 presents the growth of information storage p o c r t
techniques (derived by Dr. Marvin Camras at Illinois Institute Consider now the "personal-interaction" aspect of infor-

of Technology in Chicago, the "father" of magnetic record- mation exhange. The overall concept illustrated in Figure 6 ,.'
ing). This shows the progress of two-dimensional storage portrays organizational communications structure. The lopmedia expressed in square centimeters. diagram in this figure depicts the organizat ional communi-a-

punched tions of the 40s and pre-40s. The boss or the president
The top of this figure shows the punched card, with a delegated work down through his organization -the top-

minimum storage capacity, followed by illustrations of down-only approach. The next step in communications in.
increasing storage. Microfilms are listed in the lower right- volved some cross talk as in the next diagram of Figurte 6.
hand corner. Think of microfilms as a micro storage not The bench level people and worker-bees began to talk to each

% .
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other across the organization. Then we developed patterns disciplines in which all technical information could be sub-
involving vertical feedback. Soon, some of the bosses began divided. None of those areas referred specifically to shock
to listen to their men. Finally, we have reached the stage and vibration. The categories were much more general like
where the top men talk to the bench level men and vice versa engineering, physical science, computer science, etc. If
all the way through the structure. This is depicted by the papers indexed under these 22 COSATI categories were
rosette of arrows (Figure 6). actually on the subject of shock and vibration, then the

burden is on the inquirer to know the broader COSATI index
We turn now (Figure 7) to what's happening in corn- term under which they are filed. This can be frustrating to

munications in the 1974.1984 timeframe. If we look at the the inquirer because he may not know the terms which are in
media such as telephones, TV sets, radios, two-way trans- the file which are related to his subject field.

% rmitters. cable television, computers in use, etc., we find a
* tremendous increase in 10 years. Figure 8 shows the increase Let me now turn to the subject of journals and their
" in channel capacity for signal energy forwarding systems. A growth since 1960. If one depends upon text books for
* further example of improvement in signal carrying capacity technical information, lie is resigned to information which is

is given in the optical fiber development. These fibers, one- 3 to 5 years old because it takes hi hiooii to get books into -
fifth the thickness of human hair, can do the work of 10,000 print. Text books are only useful I it h,, layman or neo-
ordinary telephone wires or serve as a television cable to phyte. Those who work at the forefront of technology can-

* transmit 8.000 different channels at the same time. not seek current information from text books but instead
must look for state-of-the-art information from the journal

The disciplines of communications and of computers are literature and in conference proceedings. There are aboutS gradt.iu,lh uoing together as noted in this time line from 35,000 technical journals currently being printed. That is
1930 t, 1980 (see Figure 9). a sizable information resource available for reference when "

we are seeking specific information. The costs of generating
et i.' turn now to the question of where shock and this information, storing, packaging, retrieving, and accessing

vilbrat ion information can be found. Back in 1968, the Presi. it are continuing to concern us. Look particularly at the cost
dent's executive office had a committee known as COSATI- rise from 1974 through 1980 (see Figure 10). Look also at
Sthe (immittee on Scientific and'Technical Information. what is happening in the computer storage area in terms of
This commitIee established 22 categories of technical cost. Fortunately, it is continually diminishing and at the
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a1974 1984

TELEPHONE INSTALLED 145 MILLION 203 MILLION

TV SETS IN USE 117 MILLION 200 M4ILLION%

RADIOS IN USE 383 MILLION 600 MILLION

TWO-WAY TRANSMITTERS 10 MILLION 20 MILLION

CATV SUBSCRIBERS 8 MILLION 30 MILLION

CONPUTERS IN USE 80,600 285.000

DATA TERMINALS 960,000 7 MILLION *s*

FACSIMILE SETS 60,000 182,000

Figure 7 - Communications in 1974-1984 Tmeframe
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Figure 9 - Communications and Computer Technologies

Milli0os of Dollars) storing and retrieving information generated by DOD and

7000 their contractors.

P,0lected

The Defense Documentation Center (DDC) (a part of - -

Defense Logistics Agency) is as a central repository of techni-
6000 cal reports (except special classified) generated under DOD

sponsorship. The DDC maintains four "information" banks.

The DD Form 1634 bank maintains the information of the
future program plan of the work that has not yet been under- N

5000 - taken. A second information bank is the work unit data or
the DD Form 1498. This is information on what is currently
being done or on-going DOD-sponsored R&D. A third infor-
niation bank is the technical reports and this contains all final

.5.-. *reports on DOD-sponsored R&D. The fourth information
bank is the Independent Research and Development (IR&D)

." I . information. If you want to know about anything in any of %

3000 -these banks that relates to shock and vibration, you should
"1 be able to get it by using the keywords "shock and/or vibra-

Total tion" (or closely related words) in your input inquiry.
There are several commercial data banks which serve as

2000 -Journals .09 repositories of information in scientific, medical, legal, en- %

-" . gineering, demographic, actuarial, etc., fields. These service
organizations usually supply bibliographies or abstracts as

Books..f their output but the day is fast approaching when we will• • •"" "" I be able to get full text from these information banks. ..

S.... Technical reports I - One point worth emphasizing is how you can learn

0 . about universities leading the field of shock and vibration
1960 *62 64 66 '68 70 7? 74 '76 78 80 (or any other topic). At least one of the commercial data- %

Year banks maintains a file on Doctoral Dissertations. If .ou

Figure 10 - Estimated Total Cost of Assimilation query that file over a period of time for doctoral work re-
Sof Scientific and Technical Literature lating to shock and vibration, you will soon learn the most P=_

active universities in this field. You then only need to con-

Wycttact that university and ask to be put on their mailing list
Western Germany, U.K., France, and the Netherlands-are for their technical reports distribution.
actively using computers. These same six countries (in that
order) generate most of the world's technical information. Certainly, mention should be made of the information

* Further evidence of the growing proliferation of computers analysis centers. The Federal Government sponsors 122 of
is that they are being netted together to further extend their these centers of which 21 are in the Department of Defense.usefulness. This is a map (Figure 12) of the U.S. which These are centers of excellence in specialized subjects and are "
depicts the Defense Department ARPANET being managed maintained by experts who reformat assorted published lit er-
by the Defense Communications Agency and enabling ature, abstract, index, publish, alert, and distribute informa-
computers to "talk" to other computers with wide tion, as well as answer specific questions and or solve prob-
separation. lems in the subject of their speciality. Fees may be charged .-

for the services rendered but much of their service is without ,. -.
Now, I would like to move to the subject of centrally charge.
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WVORLD4COMIPUTER POPULATION t.

NUMBER OF COMPUTERS PER TOTAL NUMBER REGIONAL COM6PUTER
MILLION INHABITANTS (1970) OF COM6PUTERS POPULATION

WORLD 29 106.000 UNITED STATIES 62.500

UNITED STAlES 7z---v29 62.503 WESTERN EUROPE 24.000
CANADA 3140 3,000 U.S.S.R. 5,500

WEST GERMANY 1DS 6.100 EASTERN EUROPE 1.500
UNITED KINGDOM 155.900 OTHER 12.503

-tFRANCE 88 4.500 WORLD TOTAL 106.000

NETHERLANDS 841.100

-~SCANDINAVIA - 69 1,500 -
JAPAN 57 5.900

ITALY so 2.700

EAST GERMANY 30 500
U.S S.R. 22 5.503
CZECHOSLOVAKI 13 300

POLAND 12 420

YUGOSLAVIA a 140

ROMANIA 2 50

0 100 200 300.-

Figure 11 - World Computer Population r
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% Another resource for shock and vibration information is collections can be centrally accomplished (by automatic
.'o" the Smithsonian Science Information Exchange (SSIE), data processing). . .-.

-*" Washington, D.C. They collect "who's doing what" informs- - . "
" " tion from federal agencies, contractors, state and local Another good resource for informaton can be found . -.

" governments, non-profit institutions, associations, founda- in the Gale Research Company publications. For example,
tions, and universities. The problem they have with main- they publish an encyclopedia of associations that list over
taining a complete data file is that input to their service is 13,000 and briefly describe their functions. Of these, at least
voluntary. Ongoing work may not be in their file simply be- 10 percent relate to science and technology which may %

cause the organization doing the work did not input the concern the military and of these probably half or about 500
information, relate to shock and vibration. If we look into these 500 as-

sociations, we can probably learn much more of what is going 4.
A particularly notable commercial resource for liters- on than was revealed by the previously mentioned sources.

ture information is the Institute for Scientific Information
in Philadelphia. They provide a number of services associated Many new technologies are coming along which will

. with optimizing the access to the literature. For example, significantly improve the information access and transfer
. their "citation index" will provide you with reference to process. These include displays, direct computer information

every journal article which mentions a given author. They input, computer output microform, information networking,
also provide "contents" pages of all scientific publications computer composition and formatting, automated selective -

plus another service provides an original copy of any article dissemination of information, portable microform devices,
you request from a journal publication. They offer many etc. This just indicates a very few. The important thing is
other valuable services. that much is being done to store, forward, access, reformat, ,

and issue information. The day is rapidly coming when the
.. The Ohio College Library Center (OCLC) can provide information user will need only to describe his requirement -

* extensive services to the shock and vibration community. or ask the question and he will be overwhelmed with infor- -

*They have a network of (now) over a thousand libraries who mation from which he may select his best answer. Think of
* are linked to their computer. This means that references to what an improvement that will afford in time, accuracy, .

the collections of each of these libraries can be shared, validity, and alternatives, when we can do so much more than
Further, the cataloging for all 1,000 of these libraries' supply books; but can supply information.
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EARTHQUAKES: THEIR CAUSES AND EFFECTS

Dr. Robert M. Hamilton
Chief, Office of Earthquake Studies

U.S. Geological Survey "

During the 1950's, our understanding of the nature of names: plate tectonics, continental drift, and sea-floor

the Earth's topography expanded greatly. One of the major spreading. According to this new concept, the outer shell of 0
- findings was that the floor of the ocean is not a smooth the Earth, the lithosphere, is able to move laterally at rates -

plain-it has great topographic relief. In fact, the relief of the on the order of 10 cm a year. Previously, most of the crustal %
- ocean basins is greater than that of the continents. The movement was thought to be vertical. In this new view, the
" floors of the oceans are lined with ridges and mountain inner part of the Earth, below 100 km and down to a few
"*' ranges, one of the most prominent being the midoceanic hundred km, is in a near-molten state, not actually liquid.

. ridge of the Atlantic Ocean. Down the axis of this Mid- Magma rises from this zone along the midocean ridges, which
Atlantic Ridge is a valley; the ridge also contains many off- are areas of separation of the Earth's crust. The magma is
sets. intruded into the outer shell of the Earth or extruded to

form islands like Iceland and the Azores as it cools. In this
One of the other major findings of the 1950's and early manner, new crust, the outer shell of the Earth, is formed.

-. 1960's, which grew partly out of the effort to tell the dif- As the material cools, it acquires the orientation of the
ference between earthquakes and underground nuclear explo- Earth's magnetic field at the time. The rocks that are cooling .. "

sions, was that the world's seismicity is very tightly con- today, therefore, are acquiring what we call the normal orien-- .
centrated in certain zones. Starting in Iceland, one of the tation of the Earth's magnetic field; those that cooled mil-
zones runs down the middle of the Atlantic Ocean, almost lions of years ago would have acquired a different direction. 0
equidistant from the continents on either side. When plotted As the crustal rocks cool and move away from the midocean
on a bathymetric map, this line of epicenters is coincident ridge, in effect, they constitute a tape recording of the mag- -"'4
with the axial canyon of the Mid-Atlantic Ridge. Further, netic history of the Earth. ."'."-."

.- offsets in the line of epicenters correspond closely to offsets
"- in the Mid-Atlantic Ridge. Because the Earth has essentially a fixed circumference, -'

if new crust is being formed along the ocean ridge and mov-
I will discuss the seismicity in other parts of the world ing out-and this is happening worldwide along all the mid- 

, - later, but for now, let me note that the seismicity on con- ocean ridge systems-obviously something has to give, and in
"*- tinental boundaries, for example along the western coast of places, the plates collide. One such place is the coast of '-
- South America, increases in depth from near surface at the South America. When this happens, one plate either gpavita-

coast to more than 600 km inland. tionally sinks or is forced down into the interior of the .
Earth. The zones of collision are places of high stress, so- .-

The ocean ridge system continues into the Pacific, earthquakes result. As a plate plunges into the Earth's in-
where it is not as well defined. The ridge system in the east- terior, it melts, and the lighter fractions of the melt rise.

- ern Pacific Ocean is referred to as the East Pacific Rise. It Some of the melt is extruded onto the surface of the Earth to
extends through the Gulf of California. form volcanoes, which is why lines of volcanoes often parallel

. the trenches and zones of seismicity. It is also why the cir- '
The ocean basins also have deep trenches, located along cumference of the Pacific Ocean is often referred to as "the -

the island arcs. The trench along the Aleutian arc and the ring of fire." " .
trenches along the western margin of the Pacific Ocean are
examples. These trenches are closely related to the zones of In summary, the vast majority of earthquakes take place L%
inclined seismicity. where plates collide, where plates are formed and move apart. O

and where plates slip past each other. The understanding of

'- Another essential piece of information derived during the Earth known as plate tectonics certainly represents a . -e
the 1960's has to do with the magnetization of rocks. When major intellectual achievement. We now understand the
a magnetometer is towed behind a ship, sometimes the orien- movements of the outer shell of the Earth over about the last
tation of the magnetic field is in a normal direction-that is, 200 million years. We know that the rocks on the floor of
the sensor will line up in the direction of the Earth's present the ocean along the East Pacific Rise are newborn: they are -
magnetic field-but sometimes it is reversed. Through exten- still being created today. Because they are farther from the .O
sive surveys, bands of normal and reverse magnetization of ridge, rocks of the northwest Pacific Ocean are more than
the ocean floor were discovered; these bands are approxi- 160 million years old. In effect, we have a history of the
mately parallel to the ridge system. Earth's movement over this period as recorded in the rocks.

Piecing these clues together, scientists derived a new One of the major boundaries between the plates lies -
understanding of the Earth. The new concept has various along the west coast of North America. The San Andreas
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fault in California is part of this boundary, along which the The conclusion from this monitoring is that earthquakes
Pacific plate moves northwest toward the Aleutian Islands do have precursors. Observations have been sufficient in re-
relative to North America. The rate of movement is about 6 cent years and throughout history to provide convincing
cm a year. This movement can be measured by surveying or evidence that anomalous changes do indeed take place before
by wires stretched across the fault. Los Angeles is moving an earthquake begins. The major uncertainty now is whether
closer to San Francisco at the rate of several centimeters a precursors are regular enough in nature to provide a reliable
year, and in about 10 million years it will be a suburb of San basis for earthquake prediction.
Francisco. I recently spoke to the Commonwealth Club in
San Francisco and mentioned this. They were shocked to On October 7, 1977, the President signed the Earth-
learn that Los Angeles was coming their way, but I assured quake Hazards Reduction Act of 1977, providing for a major . • -

them that if they only waited 50 million years, Los Angeles expansion in earthquake studies. Part of that program will be
will have passed them by and will have arrived at the south- an intensive effort to try to record earthquake precursors and
ern coast of Alaska. There it will be carried into the interior to develop an earthquake-prediction system. As yet, we
of the Earth and melted down to appear again in a future cannot assert that a prediction system capable of providing
volcanic eruption. useful warnings can be achieved, but many people believe

that this can be done.
California is not the only State in the United States that

is prone to earthquakes. The area of greatest seismicity is the As a part of the earthquake-prediction program, we are
Aleutian Islands. Much of the Eastern United States has ex- currently focusing attention on a land uplift in southern Cali- *'. -
perienced earthquakes in the past. Southeastern Missouri fornia. In December 1975 we found out that the land in the
experienced three very strong earthquakes in 1811 and area north and east of Los Angeles had risen by as much as
1812. Strong earthquakes took place near Boston, Mas- 45 cm (about a foot and a half) in the period 1959 to 1974.
sachusetts, in the Cape Ann area in 1755; in Charleston, This rise was a basis for concern because sometimes such an -":
South Carolina, in 1886; and in the St. Lawrence River uplift precedes earthquakes, as in the 1964 earthquake in
Valley on the Canadian border. Niigata, Japan. We also know that land uplifts have taken

place that have not been followed by earthquakes.
People often wonder why the Eastern United States

should be considered to have high seismic risk when admit- The southern California area is of particular concern to
tedly, this area has a relatively low rate of earthquake oc- us because the last break in the section of the San Andreas
currence. One factor is that the crust of the Earth in the fault from San Bernardino north was in 1857, that is, 120
Eastern United States is older. Consequently, it transmits years ago. There should be high stress in that area now, '>
seismic waves much more efficiently. Also, in the East, a which could produce a magnitude-8 earthquake. Another
larger percentage of the houses are of unreinforced masonry basis for concern is that in the 70 years before the 1906 San .

construction, whereas in the West, wooden frame structures, Francisco earthquake, a half dozen major earthquakes took
which resist earthquakes well, are more common. An argu- place in the northern California region, which indicated that
ment, therefore, can be made that the earthquake threat to stresses had built up to the level where the crust started to
the Eastern United States is much higher than one would fall; in the 70 years after 1906, no such earthquakes took
expect from the history of the rate of earthquake occurrence, place. In southern California, a long period with few earth- ..- -

quakes followed the 1857 earthquake. Then the Kern .7 -"e
Now let us turn away from the causes of earthquakes County earthquake took place in 1952, and the San ,-

and consider the topic of earthquake prediction, in which Fernando earthquake, in 1970; these earthquakes could be .. m-
significant advances have been made in recent years. The indicative of a buildup of stress.
Chinese in February 1975 successfully predicted a large
earthquake near the city of Haicheng in northeast China. This situation in the region of the uplift is very com-
Almost certainly, tens of thousands of lives were saved as a plicated, and we cannot pretend to know everything that is .' C
result. A demonstration that the Chinese have not com- going on. At this stage, we have no evidence that a major
pletely solved the prediction problem, however, is shown by earthquake is imminent.
the earthquake in July 1976, at Tangshan, where reportedly '5'
more than 600,000 people were killed. That quake was not My final topic is earthquake control, one of the more % ".. ..

predicted. exciting aspects of earthquake studies. In the early
1960's, Denver began to have earthquakes. Denver had .O

,*' A variety of phenomena are monitored in the search for never had any significant earthquake activity in the past. A
earthquake precursors: consulting geologist in the area, Mr. David Evans, said that

the earthquakes were being caused by a well at the Rocky
. land deformation Mountain Arsenal near Denver where waste water was being

*'." * seismicity pumped into the ground. The initial reaction was disbelief, " " "
* electrical resistivity but later, this explanation was found to be almost certainly
0 magnetic field correct. The convincing evidence was a close correlation be- 0
- gravity tween the rate of water injection and the rate of earthquake
- strain occurrence.
. fault slippage *" -.=-*
0 water level or pressure in wells After this realization, efforts were made to find another
0 geochemical properties of ground water such situation, which was discovered at Rangely oil field in .- .
0 animal behavior northwestern Colorado. That oil field is a classic anticlinal '
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structure. The field is undergoing secondary recovery involv- The understanding that has come out of this work is
ing water flooding. The water pressure is high around the fundamental in understanding the nature of earthquakes.
perimeter of the field and low in the middle. Earthquakes When rock is under stress, the main reason that a fault in the
were taking place where a fault intersected the zone of high rock does not slip is because the frictional strength of the
fluid pressure. We obtained access to four wells in the area rock in the fault zone is greater than the stress on the fault.

% and undertook an experiment to try to turn off the earth- As fluid is injected into a fault, it changes the effective stress
quake activity, to turn it back on again, and then to turn it on the fault. The fluid is not exactly a lubricant, but it re- 0
off. This was successfully done. duces the frictional strength of the rock in the fault zone, .

permitting slip to take place. , ..
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PANEL SESSIONS

SOFTWARE EVALUATION

Moderator: Dr. J. Gordan Showalter
Shock and Vibration Information Center, Washington, D.C.

,6
Panelists: Dr. Robert Nickell, Pacifica Technology, Del Mar, CA - " -N

Dr. Walter Pilkey, University of Virginia, Charlottesville, VA
Mr. E.J. Kolb, Headquarters, U.S. Army Dvelopment and "- " '

Readiness Command, Alexandria, VA

Mr. Showalter: This panel is composed of members of or how it tastes, smells and feels. This resulted in a number .0
the Interagency Software Evaluation Group (ISEG). Dr. of surveys that were conducted by a few Federal Agencies
Perrone, who is the chairman of this group and who was and Professional Societies that were aimed at producing this p..

instrumental in setting up the Interagency Software Evalua- kind of data. One of our panel members who could not -.
tion Group (ISEG) was not able to attend this panel session attend today, Dr. Michael Gaus from the National Science .,%
which is a progress report on the activities of this group over Foundation, was responsible for funding at least two of these %. ,,

the last few months. One does not like to work in a vacuum surveys which were designed to examine the attitudes of the . '

too long and this session is an attempt to get feedback from users, the attitudes of the managers, and the extent to which '

the users of computer programs, which probably includes software is documented, used and transmitted. So, the infor-
most of the audience. We intend to outline how ISEG pro- mation has been gathered to some extent. .. .
poses to have software evaluated and we want your reactions
to these proposals. If someone has any criticisms of the way The next step to bring the problem into focus is to
we in ISEG are going about setting up this evaluation proce- transmit the information that we have to the people without
dure or if we are not doing something we should be doing any information. I believe that part is also under control;
then hopefully this will be brought out in this panel discus- each agency has their own approach to that problem. The
sion. We want comments on a proposed list of structural Energy Research and Development Administration, now the
mechanics computer programs which are under consideration Department of Energy, has the Argonne Code Center in

. for evaluation. We also want to get your feelings on how you Argonne, Illinois, the National Aeronautics and Space Ad-
would like to see computer programs evaluated; if at all. ministration (NASA) has the Computer Software Manage- %

ment Information Center (COSMIC) at the University of
Mr. Nickell, (Pacifica Technology): I don't think I have Georgia, The National Science Foundation (NSF) has their ".

to dwell on the need for some kind of focusing of effort in NICE center, and finally there is the NISEE group at
the software area. For those of you who are either analysts Berkeley, California that serves the earthquake engineering
working with programs that use analytical techniques or community. You also have a series of efforts by the Navy
those of you who are managing programs where analytical through the Office of Naval Research (ONR) and some of the e-
techniques are a strong component of the problem, I charac- Navy Laboratories; Symposia organized to describe the
terize the problem emotionally with a couple of key words. characteristics of software and determine how much it is
For the managers I think the key word is uncertainty. First, being used. These Navy efforts have culminated in a Soft-
you are uncertain whether you will get any results and ware Series that Walt Pilkey will describe to some extent. So
second whether the results will be meaningful. For the the problem is in focus to that degree.
analyst I think the key word is a combination of frustration
and exhilaration before you plunge back into the depths of Now we are ready to take the next step and this step
frustration again on your next project. Emotional descrip- will be quite tentative; this is one reason why we organized.'
tions however don't get us very far. We seek a rational ap- this panel session. This is an attempt to use the Federal .
proach to the problem. "Sunshine Laws", all of these smoke filled rooms are begin-

ning to fill us up with unhealthy atmospheres. We are now
People have developed a kind of a rational approach to ready to tell you what we have been thinking about for the -

the software problem over the last 10 years by focusing on past 6 months and we are ready to hear what you have to
those things that they could actually touch. The key word say.
here is focus; everyone is trying to bring the problem into
focus so they can discern the grain of what is going on. The I will describe out current concept of this ISEG effort.
first efforts that took place were what might be called infor- We don't intend that it will be the limiting point for the
mation gathering. If we have a problem let us gather data focusing of effort. There are a number of Federal Agencies .'. -

and find out how big the problem is, what the shape of it is, who have taken the problem essentially to its ultimate and
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who have established software centers, where there is common evaluation. The contractors that we choose will not be the N.
control of software and where there is a place where people developers of that particular software nor will they be strong ...
can use the best software that is available in a particular opponents or proponents of that software; we are interested -
field. The prime example of that is in the area of Magnetic in balanced evaluation therefore we may be have to

fusion research, the former Energy Research and Develop- software from a resident machine to non-resident machine.
ment Administration through their division of physical re- We don't want our contractors to spend a year and $40K just
search has created the center at the Lawrence Livermore to get the software up and running. Therefore we have a 9
Laboratory, where all of the controlled fusion research- screening procedure to determine whether the software is fit
calculations were supposed to be performed. They bought a to be moved from one machine to another. "-

* 4th generation computer and began to set up all of the soft-
ware they thought was the best in the land. Of course one of The second item is program architecture. There are -

the first things which happened was that two of the largest many people, especially in the armed services, who feel that . .
components of the controlled thermonuclear fusion research if you can't describe it you shouldn't use it. So one of the
program pulled out, namely the laser and the electron beam efforts will be to come up with two types of descriptions of
people so now it is called the Magnetic Fusion Research the program architecture.
Group. Parochialism is our constant enemy in this problem.
We do not intend to do that we are talking about the evalua- Thirdly there is an advanced evaluation procedure which
tion of the software that is currently on the market and is includes energy checks, mesh discretization checks, ways of
being used. measuring the efficiency of different programs, ways of meas- J.

uring the convergence of algorithms and the like. Finally
ISEG stands for Interagency Software Evaluation there is a summary which will provide directions not only for

Group. There have been some casual as well as determined the developers of software but perhaps even for hardware
members of this group. The most notable contributors have vendors.
been the members of each of the armed service branches.
Army, Navy and the Air Force; we also have representatives The screening criteria contain five items in the chain.
from the former Energy Research and Development Adminis- The first I call availability. That really means the ability to ,-
tration (now the Department of Energy), the National Sci. move software from one machine to another. Is it really
ence Foundation (NSF) and the US Nuclear Regulatory Con- available to somebody on a different machine or in a dif-
mission (NRC). On occasion we have had other individuals ferent environment? Second does the theory in the program .O
drop in for brief periods of time, hut this has been the main manifest itself in a set of verification examples? Third is it - -

cadre of individuals who are interested in the problem of adequately documented so that we can proceed to step two?
. software evaluation. Then there are two non mandatory items; the first is con-

• 5 '. figuration control, that is can the program be altered in the . - .
Our purpose is to formalize the critical evaluation of way in which it does its job so that we can do different things '

applications or engineering oriented software. We are not to measure its efficiency? And second has it been used by a
interested in systems software, we don't intend for that to be sufficient number of people? That is also non mandatory, we
part of our program. We will develop criteria for the evalua- will not throw out a program because it hasn't been used by -
tion of software and we will carry this out in practice by many people besides its developer but we would like to have
actually evaluating as much software as money and time will it that way.
permit. The justification, is the next step beyond informa-
tion dissemination; we are interested in pursuing cost effec- Program architecture is split into two parts. There is a
tive use of software. We are not the limit point we are functional description, which is the way the discretrization is .

Smerely trying to make the next step. done in space and time or the order of the approximation in
space and time; it also includes the solution methods such as

We have chosen three tasks for ourselves: eigenvalue and eigenvector extraction methods and all other
kinds of descriptions that would be necessary to try to put

.X 1. Select software within budget constraints, the code in context with other codes of its type. Second,'.. 2. Develop the criteria by which this software is to be there is the programming description which includes things -T I
evaluated. This is primarilh my job with help from a com- such as how modular is it and how are the modules
munity of scholars, constructed? How are the file structures created? How

3. Find the contractors who will perform the evalua- are the sub programs designed and the calling sequences O
tion. created? How is the storage and the use of common files ....

handled and many other things that would be vital to . .
Implied in all of this is a fourth step which is to make an organization that is thinking about putting a program

sure the contractors do what they have agreed to do. up on their own machine and putting time and money into
. 'maintaining it.

The evaluation criteria that we have been working on •
appeared in rough draft form in May 1977. A second draft In the advanced evaluation state we are concerned
appeared in July 1977 and now we have a third iteration. We about those things which should be done in preanalysis
see it breaking up into four (4) parts, to screen the problems that the user creates. This in-

eludes energy checks, namely what is the mesh effort re-
First we will screen the programs to find out if they can quired [or a given mesh and how hard does it have to work in %'. "

be moved from the machine where they are resident to the order to produce results. This also includes convergence of .
machine of the contrator that we have selected to do the all kinds, nonlinear problems, configuration control if
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possible, and efficiency. We think of efficiency in two dif- analysis program, BOSOR and many other programs like
ferent ways. If we intend to compare the efficiency of two this. Thus there are two activities that belong within the
different codes we want them to solve a problem that has framework of the software series.
exactly the same number of degrees of freedom, the same
size bandwidth, and we want to check their solution ef% But the ISEG effort is doing something quite different,
ficiency that is the first item. Second, we would like to have especially in magnitude, because we are talking about secur-
them do a stated problem with a given error and see how ing funding to look at the specif i programs in depth and to N
efficiently they can solve it regardless of how they do it; that look at them in a very logical and a very controlled fashion

is called library efficiency. Finally we want to compare the and the control resides with Bob Nickell. The effort is to
overall general capability of the program to do a variety of examine specific programs.
problems. That gives you a very general overview of the Our goal is to stimulate discussion on what directions
ISEG effort and the way in which we perceive the criteria ISEG should take, whether they are aimed in the right direc-
we will use for evaluating the software that we have identi- tion now, what kind of evaluations would be the most valu-
fied to date. A set of programs has been identified by two able or the most useful. Let me propose a possible orientation
branches of the armed services. The Navy and the Air Force of ISEG which could be done within the framework but it is
have in fact identified the codes in a rank list that they wish not really in the direction that we are aiming at at the• "-"to have evaluated.
to haveevaluated.moment. At the moment we intend to take particular pro-

M."-e,(iestofiina:ItuhIwol grams, such as NASTRAN, and have a contractor look at the
talk abou somting rUnierted ofVria: thisev to ot ad program and evaluate their capabilities, in the form that Bob
talk about something related to this evaluation effort and had on the Board and do this in great depth. Another con-also talk about alternative approaches to the proposed ISEG trcowullokathMACpgamfrexpend-:IB tractor would look at the MARC program, for example, and '
evaluation. Let me go back in time a little bit, perhaps some all of these would be done under the supervision and the di-
eof you know that the Shock and Vibration Information rect control of Bob Nickell. That is the key to this effort; it

Center did attempt an entirely different sort of evaluation would be controlled, it would be regulated and we would see
and it culminated in a book called Shock and Vibration Com- to it that when it camedown to looking at the economy and the
puter Programs. It is an attempt, without specific funding to efficiency of the different programs that they are evaluatedPLi
match program against program or to go into great depth, to on a fair basis. An alternate approach is to evaluate certain
review the available software for solving prescribed problems capabilities within the general purpose programs. Examples
in shock and vibration. In this case one looked toward au- include random vibration capabilities, rotating shaft capa- .
thorities in the area, people who were using programs to solve bilities, they aren't necessarily available in general purpose4. prescribed problems, and we asked them to evaluate the pro-
p p a k o tprograms, nonlinear material capabilities, nonlinear analysis,
gram% and to state precisely the availability conditions of all the nonlinear geometry capabilities, transient dynamics capa-

. programs whether they were commercial programs, free pro- bilities, or shells or revolution capabilities. One contractor
-grams or government programs. So then it is an effort at would evaluate the random vibration capabilities in all of the
having people who are using particular programs say what programs and another contractor would evaluate the shells of
they think of them and hopefully in a disciplined logical revolution capabilities of all the programs and then they
fashion. It is a reasonably thick book and it contains a great would try to discern, distinguish, and evaluate the program
deal of information about many programs. That same effort from that basis rather than having one contractor look at -. °'.r
is being continued in something called the Structural Me- each program. The end result could be the same if they are

chanes oftwre eris inwhih w agan akedpeope wrk- properly controlled. That is in terms of results that are use-ing in particular areas such as rotating shafts, building de- able to the technical community, it is possible that both of
signs, bridge designs, random vibration, or whatever to evalu- them could lead to results if they are properly written, prop-
ate all of the programs that are available. But the short- erly displayed, and properly publicized. Both of them could
comings and drawback to this sort of activity is that the be used such that if a user had a particular problem the
people who are involved don't necessarily have the op- results of this type of evaluation could be used to determine
portunity to use every program. So they collect information which program is the best for the problem. It is possible that
on the programs then they attempt to discern tradeoffs be- the alternative of having one contractor look at many things r "

tween the programs and ascertain the relative merits of would lead to results that would make it somewhat easier to
various programs and then put it in writing. This culminates discern what program would be best for solving the problem.
in the software series which is a series of books that come out..% once every six months for each volume. Mr. Kolb, (U.S. Army Development and Readiness Com-'O=--r

o ey m ho l mand): During my talk in the opening session I discussed a
There is a second activity. The software series has trend in the ratio of the cost of hardware to the cost of soft-

linked itself to several national computer networks. ware over a period of roughly twenty years since 1955. The
Usually time sharing networks, but in one case a batch hardware development is pretty well defined now to the
network. This allows people to submit computer programs point where virtually all of the expenses in computer ori-
to the software series instead of technical papers, but in the ented end products are vested in the cost of the software.
same fashion as a technical paper. The programs are then This gives us great concern and there are a number of entities
evaluated, and if the reviewers think they are worthy of being within the Army, which I represent, that are vesting a con-
placed on the national networks then the developer of the siderable amount of money in software orientation and soft-
program gets free computer time to place his program on the ware improvement and so on. %

network and it becomes publicly available. We have done
many programs this way and this includes most recently SAP In the technical information program for the Army% V, the TAB system WHAM, which is a finite element shock have three hundred thousand dollars per year vested in the ''-'
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sole purpose of doing R&D in computer program improve- any organization use a piece of software and if you have
ment. We want to optimize those dollars and we want to them use ten pieces of software that multiplies the overhead .

optimize everyone's computer programs; one of the ways by a factor of ten.
that we propose to do this is to sponsor collective concen-
trated evaluation efforts such as this to determine the viabil- Mr. Nokes: That is why we use only one. " "
ity, applicability and so on because everyone goes off in their
own way developing their own programs to do their own Mr. Nickell: Before you get your first useful result you
things and it is incumbent upon us to optimize those invest- have to factor in the overhead. That was one of the reasons
ments. for going to this scheme. e

We are in the process of justifying sponsorship of this Mr. Pilkey: What is the overhead?

kind of effort so that one can go to a central source and get
evaluation type information on his software materials. I M. Nickel: I once worked in an organization where
currently have on my desk three applications for sponsorship there were hidden costs of the order of about 25 man years
of three different Army organizations that want to become a to implicitly maintain all of the structural codes that were
world center of software information. This is three cur- being used by about 100 analysts that we had in the organiza-
rently, but in the past three or four years we have had others tion. That is a substantial cost if you do a strict cost ac-
and therefore there are many people in many different labo- counting on it.
ratories who are gathering all kinds of software information
and they think that this should be collated and coordinated Mr. Nokes: It appears that it is a fair amount of money
into a center. There is enough interest in this that we feel even for the codes that are better set up to be portable and
that we better do something about closing in on it so every- that are easy put up on "a new machine". .

one doesn't go off spending their own money. The storage , 9. ,

space is increasing like 100 fold over the same period, 1955 Mr. Nickell: At best it takes a few days.
to 1975, and the cost of storage is coming way way down there-
fore we envision that we should put a great deal of effort into Mr. Pilkey: It is clear to me that control that would be
evaluating some of the materials that are coming out of this exercised by Bob Nickell, or whoever is running this will ,

computer effort. make this proposed ISEG evaluation meaningful. Certainly
that is essential to seeing that the evaluations are meaningful. 0

Mr. Nokes, (Draper Laboratory): I am wondering about.*-,
the scheme of having one contractor evaluate each individual Mr. Nokes: I suppose I should mention that I would be .'.

computer program; how do you get around the problem of very interested in having this type of evaluation. We con- .
the existing published summaries of what works with the tinually run into the problem, where someone wanders in and
computer program? You have one contractor he knows that suggests we use so and so's code instead of the one we are * .
a certain program works for all the cases he has tried but he using. We have no real answer. We don't have enough money . -*'.
doesn't know if it works better or worse than any other pro- to attempt to purchase it or lease it and put it up and try it
gram. I have one program that I am using now and I am it to find out whether it even works.
basically quite happy with it. But I would really like to
know if other ones work better. With that scheme it seems as Mr. Nickell: Would it be useful to have a document .-" -

if you are leaving the tough part of the work to the one who available that had the results from ten or twelve such pro-
has to evaluate the overall program. grams that had examples with which you can compare your

code?
Mr. Nickell: My understanding was that in the advanced

evaluation phase they will all do the same problem. Each Mr. Nokes: Yes, because even if it only had three or
contractor will do the same problem with their particular four examples at least there would be a way of comparing my
code. They will do efficiency examples, convergence ex- code, as it exists, with the other one and I would have some
amples, energy check examples, do mesh discretization sort of objective measure of whether I am using a reasonable
examples, and they will all do the same one. So there will code. ' ".\.
be a comparison in the overall summary of the report.

Mr. Pilkey: You say that you will evaluate NASTRAN,
as you know there are various versions of NASTRAN, there is S

Mr. Nokes: To the extent that all the programs can do a public version and there is a private version. Will that
the same examples? create a problem? Will you have problems trying to identify

what you will call NASTRAN? If you locate some short-
Mr. Nickell: That is correct. They will all be able to do comings in one version of NASTRAN you will have problems

some examples. with those contractors that say "well our version doesn't
have that draw back".

Mr. Nokes: On the other hand having the one vendor
evaluate ten different programs will be expensive. That Mr. Nickell: The first question relates to how to iden-
means one has to learn to run ten programs, just to do his tify which version of NASTRAN you will evaluate? That was
particular cases. It would be more valuable that way, but accomplished by asking the services themselves to pick out
whether you can afford it is another thing. the particular version that they wanted to evaluate. The

Navy picked out their version 15.3 and we talked to the Air . .
Mr. Nickell: There is overhead connected with having Force and they said "we are trying to use version 16.0 we
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don't like it: we prefer to use the Navy's version 15.3 for the Mr. Nickell: 240 eigenvalue sounds like a big problem
evaluation studies"; we got a commonality so it turned out to me. I guess there is supposed to be an answer to that -.

not to be a problem because everybody seemed to concur question. Does anybody know what the definition of large
about which version should be evaluated. The second is? Bigger than a bread box, smaller than a house?
question related to what happens if you discover flaws in a
particular piece of software; won't the developer run right Mr. Sepcenko, (Planning Research Corporation): I was

S.out and fix them? The answer is you bet! In fact that is the going to answer the gentlemen that 240 degrees of freedom is
* .. one thing that we really hope will happen. Some developers probably quite a substantial eigenvalue structural problem be- *j.

simply do not understand that their program doesn't do as cause we recently found that NASTRAN level 16 doesn't do
. much for their neighbors and perhaps this will be a stimulus it too well with the first six rigid body modes. I guess the

to many of them to put out better software. We don't ex- problem is probably known because we knew that level
pect this field to stand still, we expect it to keep moving very fifteen and so on didn't do this problem very well and we saw '" I
rapidly and we expect to be providing some impetus to the the importance in some papers of having those rigid body
improvement of software. That means that our results will modes extracted in a modal analysis. Hopefully this will be '
be dated, but that is part of life, it is a living thing. evaluated. I have a comment. I got an impression that the

government agencies will have all of the available programs
Mr. Dyrdahl, (Boeing Co.): We have made a great deal of evaluated as a result of this evaluation. I further suspect that

use of Dr. Pilkey's book to select programs when we were in the contractors may be so obliged to use these particular
a big hurry. What about the schedule of ISEG? What kind of programs in some contracts to cut down the cost. At the
timing are we talking about? Will I be retired before you get same time I have a feeling that many proprietary programs
everything evaluated? which may be substantially more powerful than the available

programs will not be evaluated at all. '

-". Mr. Nickell: I understand that the people from the
armed services will go ahead with the first two parts of the Mr. Nickell: That is a very serious problem. The intent
evaluation procedure on about six or nine different codes of the evaluation exercise was not to lead to the standardi-
during fiscal year 1978. We intended to complete phases zation of the use of software in contractural negotiations, but
three and four and the summary in fiscal year 1979 so in two you can never tell what will happen and that is a serious
years we expect to have gone through our first six to nine danger to fall into. It can get out of hand. In regard to pro-
codes. prietary software not being evaluated, I think some of the

armed services have purchased proprietary software and in the ...-. ,

Mr. Kiefling, (Marshall Space Flight Center): What do cases where the purchased proprietary software is being used
you perceive as the critical problems that you will be evalu- heavily it will be evaluated. That is if they show up on the
ating? Before you look for the answer you should know what list of heavily used codes they will be evaluated even though
the problem is. I am su-e that there are dozens of codes that they are proprietary. That raises a very touchy issue about
will solve linear stress, and the like but are you looking for how we select a contractor but we think we have managed to
nonlinear material programs? Are you looking for complex solve that problem. We have identified some contractors who
eigensolvers that will handle the rotating shaft? How do you are not the developers and they have no strong proponent
rate the problems? feeling toward the software but yet they have it available.

In fact many of them have it available and they are sort of
Mr. Nickell: If I understand your question what specific against it.

features of programs are we trying to focus on?
Mr. Robins, (University of Michigan): We have been

Mr. Kiefling: Yes. developing the type of computer programs which deal with
simulation of crash victim dynamics mostly in the automo-

Mr. Nickell: As I understand it the services haven't tive restraint area. If you are familiar with that there are a
perceived the problem in quite that detail yet. They see a few fairly large scale programs floating around on this topic
general problem. Their codes are not fully documented, and we are faced with many of the same problems that Walt
They are not quite sure of the limitations on some software. Pilkey outlined pretty well; should one look a single pro-
They are not sure what the eigenvalue extractors will do. gram, go through it and detail all of its features and its docu-
They are not sure what the stability limits of the integration mentation, or should one look across the various programs
operators are. They are not sure what the convergence rate for the way they solve particular physical problems, or can
of the elements are. Those are problems on their codes that they solve various physical problems? These are both very
they use on a everyday basis. So I see the problem as much important and very useful things to do I think but there aremore generic than specific. Maybe w- should focus some- several contractors and several government agencies mainly in

what more on specifics and that may pop up more later. If the transportation area that have different kinds of models.
you have ideas on that we would we!corme themi. We have about five or six fairly large computer programs that -...

simulate human dynamics, some of our colleagues at other
Mr. Kiefling; I would also like to k no,w of any, dv h,L groups and competitors have similar stables of programs andcome up with a size definitio? What is a lar & problem or a so the automotive industry and government agencies of various

small problem or a medium problem? Every so often I .ee sorts are trying to use these things. But we are not sure that
the eigensolution for a large problem in the literature and the one can even compare these programs very well except on a
largest one that they do is maybe 240 degrees of freedom, very simple basis and there is a subcommittee of a Society of
We routinely do things like that as tes' cases on small Automotive Engineers committee which is trying to discuss
problems. commonality between these programs and we have simply *

0
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taken the approach does a particular computer program have Mr. Eshleman, (Vibration Institute): I think if you got

something called a valid solution to a problem? That is, given into qualification at this point you would be making a mis-
an experiment does the program work? We sort of jumped take because first the programs should be evaluated on what
across this big description between programs and have many they do automatically; anytime you get into experimental-
problems with this. We are trying to develop the scales of analytical matching, or qualification, you get into engineer-
validation of how well a particular computer program ing, you get into art, and one does it better than another. 0
actually predicts the various physical variables; we are also One person can model something very cleverly with the ex- .
trying to develop scales of how well experimental data, for isting program where another person may not have that
example a time dependent trace is match by predictions and capability and so you get into engineering which is a gray - .'.

if it is wrong what is wrong. Has this group ever thought area in this kind of an evaluation.
t -about how well a particular structural model may duplicate

the physical event as one of the primary indicators? Mr. Nickel: This is the "old saw" about the good
engineer using the bad program to get a good result and the

Mr. Nickell: There has been about five or six years of poor engineer using a terrific program to get a bad result.
history of people trying to define validation. As I recall the That is why we have tried to really control the operation in
first attempt to define validation occurred during a Pressure these efficiency comparisons so that everybody does the
Vessel and Piping meeting in 1969. There we decided that a same thing and it is not user dependent. I agree with your
validation consisted of at least two parts, one of which was assessment of that situation. I have known many people who
called verification and the other was called qualification. The have done fabulously well with programs that have all kinds " -

verification part is will the software generate a theoretical of faults in them and if they were used by another person
solution that is consistent with the theory on which the pro- they would lead them down the "primrose path"; that is
gram was written? That is, if it is a viscoelastic program does what we are trying to avoid. We also want to avoid the so
it produce a result for a simple viscoelastic problem? Can you called subroutine answer snydrome namely that somebody : -.
put in the right viscoelastic law and have it reproduced? has a code somewhere which generates numbers that are
If it is metallic creep will it do that? If it is cracking in con- remarkably close to an experiment but in fact no one is really
crete can it do that? If it is linear dynamics will it do that? quite sure whether that is the only result it will ever get.
Then there is the part about qualification and that gets into
the experimental area. You would like to have qualification Mr. Showalter, (SVIC): These manuals and documenta-
examples for which you have absolute and utter faith in the tion will probably run through my hands at least once in this *

solution whether it is experimental or closed form but in whole procedure. When you review many of them, you find
most cases you only have an experiment of often somewhat out which ones are poorly documented and which ones are

* dubious integrity. But over the years we have accumulated well documented. Does anyone have feelings about the
some experimental results that match the solutions several quality of the documentation that they have seen, especially
programs have produced reasonably well, then that becomes on the large structural programs? Is there room for stan-

* sort of a standard qualification example. The Pressure Vessel dardizing some of the documentation? Have you been buf-
and Piping Division of the American Society of Mechanical faloed by some of it yourself like I have on the large struc-
Engineers has published about three volumes of these various tures programs?
experiments that we give to people in order that they can try-

" out their inelastic programs or whatever they happen to have; Mr. Eshleman: I don't know much about the large
so there is a big and growing concern about so called qualifi- structural programs but the documentation of the rotating .. "..-

cation examples of the type you mentioned that represent machinery and the shock isolation programs that I am
real physical behavior. Whether we will include any of those familiar with has been bad all around. I don't think that one
in our exercise is still open for discussion. person could pick up the program and use it without exten-

sive learning. I suggest that you should have a format for
Mr. Robins: I would like to go a little further in this documentation.

* same direction if I might. You said that some experimental
results matched reasonably well but this is the problem that Mr. Nickell: In your opinion the concern about docu- .

we are trying to overcome; we do not want to use a term mentation is not a "red herring"? N
like reasonably well we want to actually develop quantita-
tive measures of the correlation between the experimental Mr. Eshelman: Not at all! That is a real problem and I
event, which may be of dubious quality, and the analytical believe that to achieve some sort of universal usage the first
event which also may be of unknown quality. Has there been thing is documentation. "
an attempt to develop quantitative correlation measures?

Mr. Nickell: This is a question of perception. If you
. Mr. Nickell: If there has I am not aware of it. Typically talk to the developers, they will generally tell you. quietly in

the reason why an inelastic analysis has problems matching the back room when they are not in public, that documenta- ., -'
- experimental results is because of such things as variability tion is a "red herring". This is propaganda that is put out bi

in the properties of the material. In fact I have not seen managers, it is really meaningless, and in fact the users are
anybody try to come up with a quantitative assessment of having no problems at all. A better perception of the " - -

the effects of inhomogeneous properties, the anisotropic prop- problem is needed. The users, on the other hand, are
, erties, of the effect of heat to heat variation, on the experi- stumbling their way through the user's manuals and the% are

mental response. They have a great deal of qualitative data groping with trying to solve their particular problem. I .m.
but not quantitative data. not sure whether they are having trouble or not. -- -.
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Voice: Every user that I have talked to is having don't let them use a complicated program if they don't have
trouble, too.

Mr. Nickell: The American Nuclear Society began an Mr. Nickell: Do I understand you to say that you want
effort about five years ago to develop a set of three level guidelines on modeling?
documentation standards. They published what was virtually telmttos po
a book, it had about 85 or 90 pages representating the Mr. Paladino: Yes, and also on
description of the standards by which the documentation was grams. It is a very sophisticated program don't let someone
supposed to be judged. It received severe crit icisin just because use it because it will be very expensive. Perhaps you can get .~.

of its sheer bulk. I am not sure whether anyone else has had the same answer from a different program that is not as com-. '.
the temerity to try to establish documentation standards plicated and is much simpler to use. The Navy modified the
since but it is a novel idea. original NASTRAN because they couldn't afford it. Now it %

is cheaper to use and we get good results.
Voice: One of the most annoying things I have found I

in the documentation of some of the programs has been the Mr. On, (Goddard Space Flight Center): I would like to . -
practice of documenting a feature prior to its being coded address the question of selecting contractors to evaluate the
and then not bothering to code it. variou. programs. Generally you have to go to a contractor

that has some expertise in the use of the program and that ' "
:

Documenting things like having a conical shell element almost limits you back to the person who developed the pro- --
when in fact it is a cylindrical shell element; if it goes to a flat gram. So to start with you already have a built-in bias in the
cone it doesn't work. There seem to be several instances evaluation. Ideally you would like to go to an independent
where documentation was written ahead of time if not in contractor who was not related to the development of the
fact published, and nobody bothered to fix it for the things program. In such a case like that the contractor may not .

they didn't code. It would be particularly helpful if it could have the expertise and the familiarity with the use of the
be pointed out which features aren't in a program. I have program. *.

spent time learning to use a code, which is always expensive , ...

in manpower, only to find that the feature I was using that Mr. Nickell: Do you really believe that? I have ob-
code for did not exist. served that there are literally dozens of small firms, and some

M o M a U s olarge ones, around the country who are using software that
'"" Mr. Morosow, (Martin Marietta): Unless you work the they did not write and who have become absolutely expert

program to its capability you may not have a valid compari, at using not only those codes but a variety of other programs
son, in fact you won't be able to evaluate the capability of just like it. They are also expert at making judgements about
the program. Let me give you an example. Some years back which software they want to use in any given situation. I
on the Skylab program the intent was to perform a buckling know many consulting firms that use all kinds of proprietary ,
analysis of a shell which was a skin stringer type of shell with codes that they didn't write but they have good judgement

some parts monocoque and a fairly large system with many about which one to pick for which problem. Is it your feel-
degrees of freedom. NASTRAN at that time said "yes we ing that these people don't exist?
can do it", other programs said "yes we can do it," our own
program said "Yes we can do it." The net result was that we Mr. On: We have been users of NASTRAN and there
did not get any results until we finally searched out a pro- are a couple of versions of NASTRAN; we have used it for
gram that was basically a finite difference program, and I about ten years and there are still some problems that
don't want to even tell who has it and they were able to solve NASTRAN level 16 won't solve as well as the McNeal
it. Everybody else claimed that they could do it. I am afraid Schwindler version of NASTRAN. We only learned this by
that sometimes you have to stretch the program to really experience.
see whether it has that capability or not. .-"'

Mr. Pilkey: We assume that we will find contractors that
Voice: Can I ask you a question about that? It was not can evaluate other people's codes and under no circumstances

just a matter of economics then? The capability was not would we select a contractor who developed the code to
here? evaluate his own code. Do you think that is dangerous? Do N

you think we will have trouble? O
Mr. Morosow: We did not get the solution. Buckling is ..

a faiuly complex mode. It is a difficult representation it is Mr On: I really think you will have a bias in a contrac- :.e.
much more difficult than getting eigenvalues. tor's evaluation.

Mr. Nickell: So. establishing the absolute limits of a Mr. Pilkey: We believe that properly controlled there
particular piece of software also should be part of it. A ill be no bias. -

Mr. Paladino, (Naval Sea Systems Command): I would Mr. On: I want to wish you a lot of luck. 0
lik to see your group really provide a set of guideline' for all
of the software. If you are not familiar with the program Mr. Curtis, (Hughes Aircraft): Frankly I don't think the
% ,u (an misuse it. or use a very complicated system which problem is as had as you indicate. In my department we use ,
6L ostlv. Give the user some guidelines so he doesn't gvt lost. whatever program we o.an that. will get the job done as
Therc will tie many new people coming into this field and economically as possible. We have access through terminals , ,
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to a variety of programs sucn as STARDYNE, SAP and the t would be clearly pointed out in the functional description
various versions of NASTRAN. There are people who have that will be provided for each code that such a code could
used all of these programs and we are certainly unbiased, we not handle orthotropic properties; but if that program then .
don't want to develop programs we would like te have them turned out to be very efficient in comparison with other
available to us. There are people who are not only objective codes I would suspect that the developer would be stimulated
but who are very critical of these various programs. I have to add that feature if it were crucial to his business. I agree
two comments. First, the discussion has been about evalu- that you should use the most efficient program for your
ating the difference between programs but it seems to me that particular problem and you should determine that on the

* running the same program on two different computers may basis of the functional description of the code and your
not yield equivalent results. I am not sure what you would problem. In regard to your first comment a great deal of
be evaluating in that case. Second, most of you probably documented evidence indicates that some programs run

* know that NASTRAN can handle orthotropic materials very well on some machines and some run very poorly on
whereas a more economical program that we often use can- others but that has not been part of our study. In every
not. If I have a more economical program and I need to ex- case we will use the program on a machine which is roughly
amine orthotropic effects I am not sure how I would evaluate its host, that is the machine for which it was developed. For

. it if I need to take orthotropy into account. It really doesn't example we will not try to run a code that was developed
*j.. matter how efficient or inefficient that program is, if it is the for a CDC machine on a UNIVAC machine or vice versa. "" -.

only one that can do that, or the only one available to me That may mean if you have a UNIVAC machine you may
that does that, then it makes no difference, wish to use this code, and we are not going to address that

question. p
Mr. Nickell: Let me answer your second comment first.
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DATA MANAGEMENT

Moderator: Major David R. Spangler, Defense Nuclear Agency
Washington, DC

Co-Moderator: Mr. Edward J. Martin, General Electric/Tempo
Santa Barbara, CA

Panelists: Mr. Glen Wadleigh, General Dynamics/Convair Division

San Diego, CA
Mr. Clarence A. Davidson, Sandia Laboratories

Albuquerque, NM
Mr. Wilbur Rinehart, National Oceanic Atmospheric Administration - .'-

Boulder, CO
Mr. James A. Malthan, Agbabian Associates

El Segundo, CA

Major Spangler (Defense Nuclear Agency): This is the in the time domain. All of our original data were recorded
panel discussion on data management; hopefully we will be on analog tape in the time domain and we have processed
able to provide some insight into a number of existing systems those data into the frequency domain for storage into this

* that are in being to address data management for specific user data system. Our most detailed breakdown of data is clear "
communities. The systems that we have represented here down at one particular function residency. We can also store
range from the very specific that are pertinent to one com- with more general levels, and our most general description is

* pany, to those that range over a wide spectrum of users, dif- by vehicle type, then we can be more specific and categorize
ferent communities and varying requirements. These presen- data by zone, by measurement type, measurement number,
tations should give you some appreciation of the variety of and flight period. These data can be recovered in any one of
problems that exist when you range from small communities those levels and we can produce lists or reports from textual
to very large ones and we want to stimulate discussion on information that we have stored. We can also retrieve the
how we can better manage the data in these various systems, actual X-Y data, we can plot each of the functions, we can
We would like to provide a brief discussion of the capabilities plot multiple functions, and we can operate on those func-
of these systems that different organizations, communities or tions. .- ,
groups have established. We want to learn how they address
the problem of data management pertinent to the shock and We had a large collection of data that we have gathered % '"
vibration community, and the floor will be open for discus- for some 15 or so years when we started this system in the 0 6 .
sion of other requirements, other existing systems that you early 70's, and we had no inventory of it. It is very difficult
might be aware of, and any interface that might be able to be to go back through our data and find which vehicle had
achieved between these types of systems. Some of you might which particular measurement or how the vibration in the
know of other requirements that need to be addressed but propulsion zone on that vehicle compared to the same data .
aren't being addressed, on a different vehicle. The data were recorded on individual

pages of miscellaneous flight reports, they were all plotted to
" The reason for this panel discussion is obvious. It different scales, the frequency scales were different, some

recognizes that a great portion of our budgets and our efforts were semi-log some were log, so this system was designed to.,,-:in the shock and vibration community should be, or are ad- get us a common data base from which we could retrieve and

dressing the best and most efficient use of the data that we plot on a common basis. We have a workable data manage-
are accumulating or that is in existence. I think we have to ment system that will provide the fast answers to very * "

'.4 be constantly aware that we not only generate new informa- specific questions. It was very expensive to develop but we
tion and new data, but once we have gained the new data we now have about 1000 arrays of launch vehicle data and about
should utilize it properly. 500 arrays of laboratory data stored in this library. This one

particular bank contains some 750,000 60 bit words. I am
*O Mr. Wadleigh (General Dynamics/Convair Division): told that it only requires a quarter to one third of the "

- . Within the past few years at Convair we have developed standard reel of "mag" tape, so we have a long way to go 0
a data management system specifically for handling our before we are really pushing our system. It is a general pur.
environmental vibration data. We have chosen a partic- pose data management program with particular aerospace .. -4,
ular 7-tier hierarchy to store our data and we derive our data applications, and I expect we will use it for several year.

.-. -from flight vehicles and from our laboratories. We store most
*_. of our data such as our power spectral densities, shock Major Spangler: As you can see we have started with a

spectra, or acoustic data in the frequency domain rather than specific system, one that was initiated because of a
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* requirement within an organization for recurring design or have the time histories, for impact we would like to have
systems needs. We will go from a specific single user to a vehicle velocity and so forth.
broader system that serves a number of users and a number
of different disciplines. We have a number of data sources. The information -

that we collect, abstract, and store comes from industry,
Mr. Davidson (Sandia Laboratories): From the moment from other government agencies, from activities within the

of its manufacture equipment or cargo is exposed to an en- Sandia Laboratories; when we don't have data, or if we have .".

vironment. This exposure affects the useful life of that item made a search and determined that the data appears not to be
N4 in inverse proportion to the protection given by the design available, we go out and make the measurements and then

considerations whenever it was manufactured and the en- bank that information. Most of you may have used one or
vironments that it sees during storage, transport, handling, more of these data sources that I spoke of at one time or 4r*..%_ 6'

and use. It is useful and economical to have a central store of another. In the central file of the data bank, you will find a
measured environmental data available to your engineering store of information on transportation from all of the various
staff since they don't have to "reinvent the wheel" each time government agencies, industry, and private institutions that
they need environmental data. It is also a time saver for the provide data. The people that use this information are many
engineer who has a problem either with test or designing an of the same people that provide information. These consist
article for shipment, of industry, schools, institutions and government con- %

tractors. Foreign countries are also beginning to use this in- A%
We have two data banks at the Sandia Laboratories. We formation.

have a Department of Defense data bank that is sponsored by
the Defense Nuclear Agency and it covers the conventional The data are computerized and they are entered into the
and nuclear ordnance items. We have a transportation data file randomly without regard to title. We assign a number to
bank that is sponsored by the Environmental Control Tech- each entry; the first four digits tell what environment it is,
nology Branch in the Department of Energy and it is for the the last three digits give the number of cards available on the
Department of Energy users, private industry, educational subject. We have broken it down by the type of transport,
institutions, foreign countries, or whoever would like to use whether impact or crushing occur within that particular en- -_ -.

it. The first data bank for normal environments was started vironment, and also whether it is input or response. We pub-
in 1959. We added the abnormal environments for weapons lish an index which is available to those who have requested

- in 1973, and in 1974 we were asked to start a transportation data or to anyone who might like to use the bank within the
bank for radioactive materials. We added storage, dissemi- realm of our time to recover the information. It is a very
nation and special studies to that bank in 1976 and 1977 to stable system. We average anywhere from 30 to 45 requests a '
cover all energy materials, we didn't limit ourselves to radio- month for data from sources outside of the Sandia Labors-
active materials. tories; we also have a branch in Livermore, California and ,-' .

they also provide information. We have one central input in
The purpose of the second data bank is for transporta- Albuquerque, but both the satellite data bank at Livermore 0

tion, and that is the one that I will describe. We store criteria and the main data bank at Albuquerque provide information
for shipping container design to support the functions of the to those who request it.

-, test engineers. We are concerned with both normal and ab-
normal environments. Normal environments generally have a Major Spangler: We are presenting a rather diverse-
low intensity but they occur frequently in nearly every ship- group of data management systems because the Shock and .
ment, whereas the abnormal environments have a very low Vibration community is a very diverse group. We have an
frequency of occurrence but they have a very high intensity; interest in different bits of data relating to shock and vibra--
the latter category mostly concerns accidents. In order to tion for many reasons, so we have tried to present a broad
index our information and make it available to people in the spectrum of systems that address these problems. One of the
transportation area, we have elected to divide the environ- ideas that we want to impart is the difficulty having once
ments into 12 categories and some are both normal and ab- gained all the information and having it available, of letting %
normal. Our retrieval system and our storage system are the user know about it and how he can retrieve it. In some

" based on these 12 categories. Three factors operate to limit of the following presentations you will find more about the r
the number of environments for which abnormal levels re- methods that have been used for actually disseminating the

*quire consideration. For instance, humidity, you can't get information, making it available, and also making the user
above 100%; so when you protect for the normal you protect aware of its existence.
for the abnormal. Acoustic noise might be abnormal if it %
causes structural damage. Another example of protecting Mr. Rinehart (National Oceanic Atmospheric Adminis-
against the effect of an abnormal environment is the entry of tration): The National Oceanic Atmospheric Administration
water into an item during a downpour or an immersion, it is (NOAA) is in the Department of Commerce. Around 1970,
the same as if it is in a drizzle, you don't want that to we established the Environmental Data Service and it is
happen. The data bank is structured with the input and the funded separately from our other research activities at NOAA 0
responses to the 12 environments. We define input as that so it doesn't have to compete for its money, outside of the
activity that goes into the vehicle, and the response is the top level of our agency. This has provided a continuum of
way that the cargo or equipment reacts. Some are normal our archiving meteorological data or solid earth geophysical
and others are abnormal. There are some examples of the data. There are six data centers in the Environmental Data
useful parameters that we would like to have with regard to Service. I am associated with the National Geophysical Solar
abnormal environments. For earthquakes, we would like to Terrestial Data Center in Boulder, Colorado, and there are
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two divisions that primarily provide data to users, the Solid corded on cassette tapes that are sent in to their laboratory in
Earth Data Services Division and the Solar Terrestial Physics Albuquerque. Then they are sent on to an ARPA facility in
Division that handle mostly upper atmosphere physics, or Alexandria, VA which currently makes copies and distributes
ionosone type information. In the Solid Earth Data Services them to researchers. We are archiving the copies but so far
Division, we handle seismological, marine geology, geo- we have no authority to pass them out. One of the problems
physical, and geomagnetic data. I am in the Environmental is that we have many people who ask for data and we send
Hazards Branch. them a data tape; most of the time we send them 2400 feet

of tape and often there is only 100 feet of data on it. It is no
We have a number of data bases; the HDF is the Hypa- big deal because the tape is relatively cheap these days, but

Center Data File that presently contains about 130,000 loca- we are starting to get into some new technology. We will use
tions of earthquakes ranging in time back to about 1700. In a Tektronix 4051 which is a "smart terminal" that has up to ,'% '. ,
the near future it will be over 200 thousand with data that 32 thousand words of storage, it has a cassette tape recorder,
we have obtained from the Chinese primarily through the and it uses the Basic or Extended Basic language. We can use
efforts of Dr. Hamilton whom you heard yesterday. We also it to provide data. There are other manufacturers that build
have data from Eastern Europe and the Balkan areas that go "smart terminals" that have floppy discs in them. We can
back to around 2000 BC, some biblical references there I provide data, and we can also provide programs that unblock
guess. The effect file is a file of data that refers to the iso- the data or even analyze the data. Thus if a person wants us
seismal maps that Dr. Hamilton mentioned in his talk. The to provide a program that produces a velocity response spec-
effect file has taken the literature and coded it so that for trum and that also does the graphics right on the scope, we , -
any place name in the United States we have some indica- could do this. But is is necessary that one has the same type
tions of the intensity of shaking at that city for earthquakes of equipment that we do, so we are investing into a number
over a time history. of these kinds of small terminals that will be able to serve us

in a new way.
SM stands for strong motion, and I want to address that Mr. Malthan (Agbabian Associates): I would like to give

because it is somewhat closely related to the shock and vibra- you some indication of where we have been in the develop- , "
tion data. Since about 1928 there have been seismic instru- ment of the Defense Nuclear Agency Master File of Ground
ments that are triggered by earthquakes. You do not see the meof, A th D ne Nucal Aesncy M at FI o oud .initial key wave, the compressional wave, but you do see- Shock, Air Blast, and Structural Response Data. I would also * ,
mnitaey f v, the cdindamagingarthq wave s audo e like to give you some indication of where we stand today and de

. .: many of the succeeding damaging earthquake waves and we O
perhaps try to make some projections of where we think we

get our data primarily from the Seismic Engineering Branch pree
of the United States Geological Survey in Menlo Park, Call- are going to go with this system. Following World War II you

' fornia. There are a large set of data from 1928 to 1971 that may recall that the United States engaged in a relatively large 4.1
•. ~~number of atmospheric nuclear tests and that continued "- ;have been digitized by a contractor that has a flying spot me of atsosphericmnuclear testswan tha cnted• scnne fo diitiing hes sesmi enries Thse ataareall more or less uniformly until 1958 when the United States

scanner for digitizing these seismic entries. These data are all and Russia entered into a moratorium in which they volun-
reduced to digital values and they can be used in design trl gedt es l topei et.Ta otne
spectra by engineers and also the nuclear an siting engineers, tartly agreed to cease all atmospheric tests. That continued
pThe San Fernando earthquake in February 1971 produced for several years and then you may recall that Russia wentabout 300 records that were digitized by the California Insti- into a series of very large scale atmospheric tests. The Unitedabout 3 r r hw dtStates responded in kind until 1963 when the Official Testtute of Technology, and they are also available. We also get Ban Treaty was signed. I believe the United Kingdom was

digital data from foreign countries. I recently received the also involved. This treaty banned all atmospheric nuclear
data for the Bucharest earthquake, that occurred in the ' .summer of 1977. tests. That left the United States in somewhat of a dilemma _ .,"-

in the continuing development of its nuclear weapons effects

Our users are primarily engineers who are interested in technology and a number of alternatives were available to us.
We could conduct high explosive field tests on a very large

environmental impact statements or nuclear plant siting, seis- scale up to 500 tons of equivalent TNT, we could continue to-
mologists, or seismological engineers who are doing research conduct underground nuclear tests, we could conduct special-
in building design or building response; they use the digital cedut ungrge scleablast e or sockuts, oized tests using large scale blast generators or shock tubes, or ,-.-
information as the input forcing functions to their models.
The entire data center received 10 thousand requests a year

but the Solid Earth Geophysics probably handles about six or I would like to discuss primarily the proliferation of the
seven thousand of these requests. They are world wide since high explosive field tests which began almost immediately after •
we are not only a federal government agency, but we are also the treaty was signed and which continue on even until today.
the world data center for solid earth geophysics which means In 1972, the Defense Nuclear Agency decided that some effort
that the Russians or the Chinese will contribute data to us should be made to consolidate this high explosive data into
and we send it back to them. We also have a large collection some file so that researchers could use it. If all worked well,
of earthquake damage photographs and I noticed that Dr. perhaps we could work back and start looking at some of the
Hamilton used a few of them yesterday. We have a catalog of old nuclear data. The purpose of this program was to collect
these in case people need these for illustrating their talks or the raw data from the various organizations which had con-
publications. We make maps and searches from the Hypa- ducted the tests, reformat this data into a consistent format,
Center data file. A person will ask us to search around a cer- establish some sort of a universal identification system that re-
tain spot, or give us the latitude and longitude where he searchers could readily identify and use, perpare directories so
wants a map made, and we can do that. We are also starting that researchers could locate the data that they needed, re- " ' '-
to get digital data. The Geological Survey has installed about trieve any piece of data for these researchers on their demand, "-" '
15 digital stations in the world and their readings are re- perform some sort of a signal processing on that data if
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required, and present the data to them in some raw or proc- Analysis Working Group (DAWO) also had a meeting in Los "

essed form as they dictate it. The data could be on tape, plots, Angeles which extended for one day and many of those who -' "?"
punched cards, or on a print-out. If it were necessary or de- attended the seminar were also invited to attend this com- - "
sirable their processed data could also be stored so that it mittee meeting. The purpose of this meeting was to answer
could be called up in the future. Eventually, we hoped that some questions which had to do with the future of the
we could go into a period of disseminating the capabilities of archive. At this meeting two particular distinctions were S
the system to a wider user group to increase its use and to e- made between an archive and a library. An archive is defined -
tablish procedures for the use of that system in the future, as a safe depository, or a permanent depository for original -
We also wanted to develop some sort of cost guidelines so data generally thought to be on analog tape. Any associated -
that the individual reserachers could make some estimate of information might be applied to it, such as calibrations, log -
the cost of utilizing the system. sheets, drilling logs, diaries, or anything that might reflect ,,,.

and add information to the data that were collected. And this
The data that are in the master file are composed of particular data was thought not to require immediate turn. 0

ground-motion data, stress and strain data, air blast data, and around. As a matter of fact, most people would be satisfied
a very minor amount of structural data. It is all time series if the turnaround were on the order of a week to several
data, except the coded data which is the high explosive in. months. On the other hand, a library was conceived to be an
formation. There are presently 5 thousand channels of data active storage of both raw and processed data on digital tape;
on tape and that comprises about 45 reels of full tape. The it should be in engineering units and immediately available
system which is used to implement the master file consists of for researchers. To facilitate its use it should have quick
five basic modules. The editor subroutine accepts raw data turnaround which is measured in terms of days or weeks.
and reformats it into a consistent format. The update data Four questions were asked in the Data Analysis Working
takes the data from the editor and builds a master file from it Group Meeting which had convened in July 1977. 1) Is there
and constructs a directory. An extract program allows the a need for an archive and/or a library? 2) What services
data to be retrieved from the master file according to some should be provided by those archives or libraries? 3) What
processing request supplied by cards. A data processing data should be in the archives or library? 4) Where should
module allows the data to be processed in many different these two functions be located? The conclusions reached by
ways, using standard time series analysis techniques, A post that group of users were that all of the field test data should
processor module allows the processed data to either be out. be archived together with related information so that a re-
put as plots on tape or cards, It can also have the processed searcher in the future could obtain analog data, the auxiliary
data returned to the master file through the update program information with it, and reanalyze it if desired. It was -.
so that it too becomes a part of the master file. thought that there was no real recommendation to establish a

library but it was felt that if one were established it would
Eventually we developed cost guidelines, one of which motivate increased data analysis by researchers which was

we called the simplified usage guidelines which allows a re- considered to be a positive factor for its establishment. The
searcher to make some kind of estimate of the computer time cost of such a library was then and is now still unknown. A
and labor required to process a given number of channels of positive factor though is that if it could be established at a
data. This particular kind of format is based on some average government facility then it would be cost effective in the -"
file located at some average location on a reel of tape, com- sense that it would be readily accessible and there would be
prising some representative type of processing sequences, no penalty for low usage. If the library were properly
There are a series of more elaborate algorithms that were established that in itself would motivate increased use. The
developed for more specific kinds of processes which can be library should contain both raw and corrected data and al-
used by individual researchers to develop more exact esti- most everyone agreed that there should be no processing cap-
mates of the computer time and the labor required to do very ability associated with either the archive or the library. In
specific kinds of operations for both single and multiple fact, when people retrieve data from either the archive or the
files. That brings us up to date as to where the system is to- library they should do their own processing and almost all
day. agreed that is the way to do it; that is, they didn't want some

other organization processing their data. Finally it was felt
Let us take a look at where we think we will go in the that users should be consulted in planning either the archive

future. It is presently a little nebulous exactly where we or the library as it developed, so that users desires could be
are going to go. In October 1976 we conducted a two factored into the development of these two functions.
day seminar in Los Angeles in which all Defense Nuclear Finally the recommendation made by the Data Analysis
Agency contractors who might presumably have some in- Working Group was to take immediate steps to stop the de. -

terest in this master file plus a number of other researchers, struction, low, and deterioration of existing data. We are,
who had an interest in other activities and who might also be referring primarily to the nuclear data and, believe it or not,
interested in this system, were invited to attend. We went there has been some loss both from losing the data and the
into great detail about how the system was constructed, how deterioration of the material to the point where it is not use-
it was to be used, its capabilities, and so forth. At that time able. A data archive should very definitely be established. .O
the Defense Nuclear Agency made a public offer that those The analog tapes and other auxiliary information in that data
who would be interested in using this system could do so free archive should be at DASIAC. The Defense Nuclear Agency
of charge in order to familiarize themselves with the system, should entertain plans for developing a data library and if the
Over a period of the next several months a number of organi. library is established it should be located at a government
zat ions requested us to process data, and we did that for facility, preferably at the Defense Nuclear Agency computer
them. rhen finally in July 1977 a group which had been which at the present time is in Albuquerque, N.M. The Data
formed earlier by Defense Nuclear Agency known as the Data Analysis Working Group established a priority list of data to
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be added to the master file and topping the list was the old I would like to discuss the various data management
nuclear data which was in dire jeopardy of being lost and approaches, perhaps pick up some of the threads that were '...
then following that, new and current HE tests should be mentioned yesterday in the invited papers, and perhaps get a
added to the file. If a question of priorities arose then little idea of the data management techniques that the Shock
ground shock should take priority over air blast information, and Vibration community has developed. I want to make a
higher yield data should take precedent over lower yield data, distinction between data and useful information. There
and finally if there were funds available then structures data are people who say "we have data up the kazoo," what they
should be added to the file. The Data Analysis Working need is little information. We are in a situation where we can
Group also recommended that it be used as a committee to generate many more numbers than we can usefully handle
guide activities for the development of the library and pre- both in experiments and computer code predictions. I think
sumably also of the archive. At the present time, I believe one way of handling these things is in the systems that Glen
that the Defense Nuclear Agency is acting on these recom. Wadleigh and Jim Malthan described. The computer is used
mendations. as a housekeeping and bookkeeping system that not only

retrieves the data for you, if experimental records are stored, S
O ltretn lb cobut it may also perform various operations on the data toMajor Spangler: translate it into meaningful information for the user. I think .,, . .not only into data management but perhaps provide more

noled abonly in o a i management rh ide more o all these things are methods of data management. The direct
knowledge about information management which may be of nmrclrtivlo aaicue h envlo xe..-• " ' " ' iteres to may of yu in he audencenumerical retrieval of data includes the retrieval of experi.,'"-.--.

mental data arrays, the strong motion data of the National

Oceanic and Atmospheric Administration bank, our blast and
Mr. Martin (General Electric/Tempo): DASIAC is an ground shock data bank, and the vibration data bank at Con-

information bank that may be of some peripheral interest to vair. The Defense Nuclear Agency has been involved in the .
the Shock and Vibration community. It is an information development of files of various physical constants that con-
activity which General Electric has operated for the Defense sists of non-experimental material that has been evaluated.
Nuclear Agency for over 15 years. It is one of the informa- A best value is put on a computer tape and you can get these;
tion analysis centers sponsored by the Defense Nuclear this is another sort of numerical retrieval. Finally there is
Agency. The subject scope is nuclear weapons effects, simu- another data bank. The Defense Nuclear Agency and the
lations, and related topics. It is similar to the shock and Army sponsors one where the Harry Diamond Laboratories
vibration group that is sponsoring this meeting. It sort of accumulates and retrieves a limited number of parameters of
crosses classical disciplines and provides a variety of informa- data on the response of transistors to radiation effects. I
tion services for the Defense Nuclear Agency contractors and think that the direct numerical retrieval of data is in good
other Department of Defense people when they are bonafide shape. That is there is a great deal of work to be done but at
and established. It has an information collection of books, least the factors can be analyzed. You can say that one per- -"

technical reports, data from past nuclear weapons tests and son has done it better or worse, and that their use or demand
simulation efforts, and computer generated data files. The is measurable and can be compared with the expense of set-
instrumentation records are in the form of picture films, ting up the data bank. You can determine if there is enough
oscilloscope films, strip charts, a wide variety of a hetero- call to do all of the record processing. Throughout the sci-
genous nature. Our customers are primarily contractors in- entific community we are generating reams and reams of
terested in weapons effects and for you this means impulsive numbers. With these, it is at least possible when you talk
loading so there is a small overlap between the Shock and about retrieving numerical data, to sort of get some handle
Vibration community and our subject interest, on whether it's an economic activity.

The people in our community use many of the tools for Document retrieval is the second form that is directly

predicting the response that the Shock and Vibration com- numerical, and this is what Mr. Kolb mostly talked about. I
munity has developed and they have probably supported the do not think that this is in very good shape. He mentioned
forcing functions for hardened systems that many of you something about the three year half life of published sci-
may have worked on. We have a broad variety of people who entific information. I think this means that the half that is
use the center. We are prepared to do something for those thrown out after three years is probably junk to begin with.
who develop the handbooks on which design engineers base We are at sea in paper! But some of this is required by con.
their work, those who contribute and also use the center, and tractural obligations and the person who sponsors research
those who are merely users who need to know an answer, and wants his pound of flesh. So the experimenter, reluctantly or• ~ ~~we may only see them once. Our users are primarily spon- not, writes up his inch and three quarters of paper and sends ,---...

sored researchers we see very few individual seekers after it in. Then it is duplicated 23 times and sent to some people,
truth. We provide the usual bibliographic type services; we the Defense Documentation Center, the National Technical

, provide summaries of our data base, special compilations, Information Service, and it gets into various data banks. We
- limited publication services, and a variety of miscellaneous see the kinds of curves that Mr. Koib showed us are growing.

information services such as the distribution of certain well I would like to pose some possible ways in a community
used nuclear weapons effects computer codes, Our data where this sort of thing could possibly he handled. The
management process is very simple. We have data that are of March 1977 issue of the Shock and Vibration Digest had an
a very heterogenous nature, and as I pointed earlier, the use editorial on review papers. This picks up the theme that
of any single file is rather small so we can't afford to build a Dr. Lewis M. Branscomb wrote in an editorial in "Science"
computer system to retrieve and display a single gaged re- several years ago; that is there are implications for funding
cord. If somebody wants that sort of thing we go to the shelf agencies to spend a little more time reviewing what they are
pull it off and say here it is. doing instead of simply going ahead and doing something.
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There are things that the agencies might do instead of number of reasons for that. First, and one that I have never

r equiring contractural reports. Perhaps if there is any sig- stated before, is the "but it's not invented here" syndrome;
nificance to the work, that is if it is anything that should be that is if someone hasn't devised this procedure himself then
published, it should be submitted in the form of an article to he is skeptical about using someone else's ideas and I can see
the proper professional journal where the author's peers can some of that. Second, it would have been nice had the re-
evaluate it and it may or may not be published. Within the searchers come to this conclusion that they needed this data
allocation of federal funds, a certain measure of peer review and would have given some sort of guidance to the Defense ..e
exists. This meeting is one example. I was appalled when Nuclear Agency to do this. As a matter of fact the reverse
Mr. Kolb said that heexpected a truckload of references when occurred. The Defense Nuclear Agency was the one that
he tapped out shock and vibration on his terminal. I can't decided that the master file should be created and that the
imagine how anybody would want a truckload of references researchers would almost surely flock to that data to use it,
about anything! It seems that this is what we want to avoid, and that didn't happen. There are other criticisms; it is too x- V ,
However I can't personally complain because the truckloads cumbersome, you have to walk across the room, you have to
of references provide a job or a little bit of insurance for me. pick up a phone in order to get the data out, sometimes it is
But I think we are seeing a build up or an entropy in the sci- slow coming out, and by the time someone gets the data he -"" -"

entific and engineering field where for each dollar spent in wanted he has forgotten why he wanted it. A number of
research less is spent in actual search and more is spent in these issues come to light but somehow it leads to the fact
documentation and shuffling papers back together. Some of that even if you had a master file created of all this data, I am
this is consistent with the graphs Mr. Kolb presented where it not really sure if it would be used. To some extent, it is
showed that back in the "old days" half of the work force easier to go out and run a new test.
was doing reasonable work but now 95% of the people are 1•
doing what he called information services. Maybe there is a Mr. Rinehart: The Geological Survey digitized all of the
certain amount of feather-bedding in this, it provides work, s g i in e r l edand certainly many of us would be out of it if it was juststogmindaainehreweony20rcrs.".-.'

There is a vast quantity of data there that will never be used,
honest work done. However, still being involved in it one

woul lie t se som imrovmen indocuenttio asfar I know that. We get two requests a month for strong motionwould like to see some improvement in documentation as far dt n sal esn hsoto uce ad.Ias
data and usually we send this out on punched cards. I alsoas possible. So many of our problems are future problems, have another data file that comes in digital fashion and sofar

It is implied, especially in the engineering and scientific corn- have nohequst fi e ha e diit in and sf-
we have no requests for it; we have advertised it in the

munity, that there is a technological fix and that we can journals and we sent out fliers. I suspect it will be an impor-
escape the seemingly inescapable growth problems because tant thing in earthquake predictions since it is ultra long
we will figure out something to do. Well if you look at this period seismic data and perhaps the researchers are not aware
sort of growing entropy in the research effort, you come to o i s fa adgoingato the ibera her sorethe conclusion that there may not be a technological fix be- of it yet. As far as going to the Bible or any other source, .,6,4 -
thue onclusio that trei mayunho bepe aechnlogicl fe es h usually I get data from people who are interested in a partic-,"
dollar buys less and less researchh ular area. It might be a Yugoslavian who wanted to study the

Balkan area and so he had to go to any source he could find.
Major Spanger: This afternoon you have heard a de- There is a scholar in London who looked into earthquakes

Majo Spnglr: Tis ftenoonyouhav head ade-back to the year 2000 B.C. and he read the Odyssey and
scription of a number of different attempts within the Shock foun one ear ther. So the dc e to us." " .... found one earthquake there. So these data come to us "
and Vibration community to address data management. I
think Ed Martin has said that we should be careful to make usually in listings which we simply have to have key
the best use of all of this data, convert it into useful informa- punched.
tion, and make it available to everyone in the proper form.

Major Spangler: One of the general conclusions that we
Mr. Kennedy (Defense Nuclear Agency): We have heard came to as a panel is that there are a number of other in-

references to some biblical data and I know of the shambles formation centers that exist that haven't been discussed. One
that the nuclear data base is in right now as far as actually of the things that has been experienced in attempting to pro-
putting it into a computer. What are your thoughts on taking vide an information center for a broad spectrum of users is
the existing data as it stands, be it in the Bible, oscillographs, the fact that you can't dictate the user going to that file or " -.

or what not, and actually putting it into a computer? This that information center and using it. Many of these very
seems to be a big bottleneck and a large cost factor especially broad spectrum information centers have languished from the

* for nuclear data. standpoint of the number of users or any requirement for
them and they are having a very difficult time making it just

Mr. Malthan: While it may take months or perhaps because people don't go to the file: it is trouble. It is more
years to find the data, and even if it takes longer to digitize difficult than going to something you have in-house, running
and reformat it, it is the kind of thing that can be worked out a new test, or a new idea that you can readily sell because it
so that the problem doesn't seem to be very severe. That is is identifiable. It is very difficult to sell analysis of past data.
you can get the data into the computer, but now what? One So the broad spectrum data nianagament centers alppear to
of the great surprises in the Defense Nuclear Agency work have had some difficulties whereas some (f the mitre partic'-
was that people didn't use it! There are 5000 channels (if ular sm stems, such as Ihose thIlt hare lseen discussed in a "-
very pertinent information addressing problems of great un- couple if instances here, have done quite well because the
certainty; for example, there is information in the master file users have actually demanded or provided tlie requirement

Nwl that would provide some enlightenment on cratering. Why for setting tip that particular system and the% have ilso
-ll didn't they use the master file even when you offered to shown th;at there is a user need. I think that ia i prohlem_

search it for them free of charge? There are probably a that we have noticed acrov% the board
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Voice: With regard to computerizing all of the data down. I think you have to weigh this in your data centers of
sources, you can put a wealth of data in the computer hut if the future as well as data centers that are currently in ex-
people don't have terminals available, or if they don't request istence. Recently we have heard of two or three data centers %'''e
the information, then they are not using it and I think you that were operational on the computer, and they are just
are fighting a losing battle to keep it on the computer. At about to be sold off. They will shut them down because they
today's costs, even for disc storage of information, it will run don't have enough users to justify the cost for the computers O
up your cost to operate that data center. So if you don't and terminals that are involved in the data bank operations
have a rather large user area where you are getting requests, these days. So that is something to consider when you set
and if they don't have to have fast turnaround where you can up data bank or when you have data that have been taken
give them the data within an hour or two manually, they either by analog or some other means you want to convert
would only get it 60 or 70 minutes faster if they had a it to a data center.
terminal. They may not even get it that fast if the terminal is
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MODAL TEST AND ANALYSIS 0

FORCE APPORTIONING FOR MODAL VIBRATION TESTING
USING INCOMPLETE EXCITATION

G. Morosow
Martin Marietta Corporation

Denver, Colorado

R. s. Ayre
University of Colorado

Boulder, Colorado

A technique is presented for determining the shaker forces necessairy
to isolate a mode during a modal vibration test. The approach re.
quires no prior knowledge of the model and is particularly usable for
structures with high modal density.

'4

INTRODUCTION normal mode will not he achieved.

A modal vibration test, or a modal survey The method presented In this paper is
as it is sometimes referred to, is a test in- based on the multiple exciter, timed dwell
posed on a structure with the purpose of esta- approach originally developed by Leti.s and
blishing or estimating its modal parameters. A Wrisley (I)*. Their inttnt wan. to:
modal vibration test is performed by applying
one or more exciters or shakers to the struc- produce in a complex structure, by .0
ture being tested and then driving it sinusoi- means of adjustable forces, oscil- r

dally, randomly or by a specified transient lations that consist essentially
force. In general, the testing can be done in of one natural mode. r"-
either the frequency domain or the time domain.
The material presented in this paper pertains The majority of modal vibration tests per-
to sinusoidal testing only. formed during the last 10-15 years was based

on the Lewis and Wrisley approach. In general,

From a practical point of view it is an iterative adjustment of Jouce ratios and the
difficult, if not impossible, to achieve pure excitation frequency is uqeiI to minimize the
resonance in a test. A pure mode exists only phase differences among various voiuts on the
if damping forces are in equilibrium with the structure and to bring all the displziceromit or

applied forces at each point throughout the acceleration measurements iito qv alrat.,"o witi?
structure. Because in a real structure the the excitation forces. Tt is basically a
dissipative forces are distributed continu- manual, iterative phaso-optiii,::ation process
ously throughout the structure, it is impos- which is laborious and time consuming. Much
sible to achieve a strict equilibrium between depends upon the degree of skill of test per- S
applied and damping forces everywhere in the sonnel and their fandiliori t, 1C the t'u, tu-i.
structure if only a finite number of exciters
is used. Continuous aerospace structures can Several papers on shako trn, aptm--
be represented reasonably well by dynamic ing were published in Euro;, ,. ; ;ri".'!1y, II I.

models on the order of several hundred degrees 1968 Deck (2) published poup" "tu Ij. t .-

of freedom. It would be impractical and physi- using a semiautormrted method to t-itv - 1,h., .:1
cally impossible to use that many exciters. coherence. Prior to rhi i 1.1('I mlVrl-s
The practical limit is, perhaps, ten to sixteen discussed the problem of Owr', t+,e ',:'-i- S

* exciters, but more commonly six. In this case tation forces.
the damping forces throughout the structure ----

will not be cancelled at their points of origin Tl!:, murccr showt In panerlt' - "u-t , ti"'

and the condition for the existence of a true reforences given at the emm of te papr -. . .
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He considered this problem to be the most shakers is small in comparison to the total . .
difficult: number degrees of freedom. The first error

stems from the fact that if the force ratios
Determining the excitation forces is at are not proportional to the damping or dissi-
the same time the most important and pative forces present at each shaker attachment
the most difficult problem in vibration point, a residual phase lag will be present in
testing. isthe modal displacements. errcmsfo h

With n available exciters it is possi- The second source of error coms from the %-"

ble to eliminate (n-l) modes. This interference of neighboring modes with the mode 4%.
statement is, however, of very little excited. Each mode responds to a ainusoidal
practical value because the modes can excitation at any frequency. This response is
be eliminated only for one certain small unless the excitation frequency is in the
distribution (a prior unknown) of imediate vicinity of the mode's resonant fre- *- .
excitation forces, the study of which quency as shown in Figure 1. Even though this
would necessitate a displacement of response is relatively small at the frequency - .'
the exciters, and would be impossi- of the mode to be excited, it adds to the dis-
ble to achieve in the event that tortion of data and must, therefore, be removed.
certain elements of the structure
should be inaccessible. The third source of error is damping at

the mass points that is not proportional to
He developed an approach using additional either the mass or stiffness matrix terms. We
artificial damping supplied by the shakers to call this nonproportional damping. In this .
complement nonproportional damping and to con- case, although the modal mass and stiffness

- . vert it to proportional damping. In this way #.o

he decoupled the system of equations and elim- - "
inated one source of error. There is no dis-
cussion regarding the errors due to incomplete Contribution due to
excitation or higher mode interaction. Interferng Mode

Mode Excited
.-.. Jamison and Tao (4) developed an approach

for shaker force apportioning using pretest
analysis as a basis. They formulated an opti- %,

mization problem using a Lagrange multiplier Interfering
technique. In this approach modal displace- Mer

ments must be known.

Asher (5) suggested an approach whereby an
experimentally determined admittance matrix is % IO
used to determine the natural frequencies and
the force ratios required to obtain the best - 11+1
approximation to a corresponding natural mode. Feen

However, the methods discussed cannot Figure 1. Modal Interference
guarantee that a usable mode will be obtained r
under all circumstances. The most important
factor is a judicial placement of shakers, matrices are diagonal, the modal damping matrix
Unless a great number of shakers is available is not. This provides coupling forces among %
where for each mde the "optimum" subset is the modes, and all modes will respond to some
used, the skill of the test conductor may mean extent to an excitation apportioned to excite
the difference between a successful test and a a single mode. .- "
set of unusable data.

The approach taken in this paper tends to
- The method proposed does not alleviate the remove, intrinsically, the first two sources

shaker placement problem. However, it provides of error. The case of nonproportional damping
the test director with a set of shaker force is not considered in this study. The method
ratios for the mode to be isolated for the proposed uses an iterative scheme that sup-
shaker locations specified. An error in modal presses the undesired responses in the modes
displacements can also be assessed providing, with frequencies in close proximity to the
thus, a criterion for terminating the iterative desired mode. This approach uses only experi- .0

- process. mental data and is independent of knowledge of
the analytical model. The process consists of
obtaining the dynamic influence coefficient

" THE PROBLEM matrix by performing frequency sweeps with one %
shaker at a time. Then, using such an experi- %

There are three sources of error in mental influence coefficient or admittance .. ' ,

experimental modal data if the number of matrix, an iterative process is initiated using
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a digital computer. The process is terminated where
when a set of shaker forces is found which pro-

-. duces natural mode shapes that contain the F 2
least possible contamination with other modes. [H(w)1 (6)

R()] (l.n2)2 + g2

APPROACH

In the derivation of the method, certain (7)~ - g
*.2  assumptions were made. These are: (1.JF 2 2 2 7

* the model is linear and, therefore, the
superposition of modal responses holds; and fZ= wx/ n

* only proportional damping is considered;

The subscripts R and I define the real and ;. .
all shaker forces are phase-coherent, imaginary parts of the complex admittance , ,
i.e., they are in phase or 180 degrees matrix. ..

., out of phase among themselves; and
The transformations

the approach is derived for a discrete
system. By inference the method is "O
applicable to continuous systems. ( = [0] jq(W)} and (8)

The modal equations of motion in the fre- r1TL
quency domain are Q(w) = [01 F(w) (9)

+ (+2 jg ] Q(w) (1) where F(w)j is the vector of discrete
applied forces, yield the admittance form of
the equations of motion in discrete coordinates

where ux is the driving frequency and Wn is .. '
the natural frequency. The modal masses have
been normalized to unity by the following q(w) = (DR(W)] + J [DI() ) /F(O) (10)

"* transformation

] [H] [0 ]T []where

[DR( )] - [0] [HR( )] [g]T and (11)
and similarly

[o] [K] [ 0 ]T w E2 ] o (3) [DL(J)] = [0] [HI(w)] [O]T (12)

The modal coordinates are related to the Finally, because a linear system is considered,
discrete coordinates q by the transformation the actual amplitude of motion is irrelevant '

and the following normalized form of the force
vector can be used: . . -

The modal matrix [0] is a square nxn matrix
" relating n modes to n structural locations.

*Although either viscous or hysteretic damping where the largest amplitude off ac(W)l is
can be used, hysteretic damping g was selected normalized to unity. Equation (13) can be
as more representative for engineering struc- written in terms of coincidental and quadrature
tures. Finally, the vectorl Q1 is the vector components such that
of generalized or modal forces.

O
Equation (1) can be written in its complex *qR(w) -a [DR(w)] , and (14)

modal admittance formSHR- + J H (5) ) a [DIj()]ja (15)
41l [i
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An example showing the total, coincidental and where Yi is a weighting factor. If a substi- "'
quadrature response components is shown in Fig. tution of Eq. (16) into (15) is made, the fol-
2. Both the real (coincident) and the imagin- lowing expression is obtained,
ary (quadrature) admittance matrices contain
complete information about the system. How- + a = (
ever, the quadrature admittance matrix, evel- 1 (Wn) ] 1 a + + n ... -.

uated at a resonance, contains large numerical ,.f.,
terms in comparison to the coincident admit-
tance matrix which in many cases has terms Each modal forcing vector la is related to a "

modal displacement vector j~iI by

._. [D.(wn)] {ai = {0i (18)

and similarly,o - '.p U Y'

"(19* v~j [DI (W ni1 {ej} ={j}. 19

VS ,The contributions of spurious modes (j i) to
the mode excited (i), are usually small for two

reasons. First, the factors Yj are small, and
second, the product of the admittance matrixD-__." ' '. I . ,,. = with the forcing vector is also small for all ....

but the ith term, Eq. (18). if the modal den-
sity is high, the terms of the kernel matrix

.31 [HI(w ni) , Equation (12), corresponding to

the modes close to the mode i become corres-
Figure 2. Frequency Response of a pondly larger and, therefore, the contributions

Uniform Beam of spurious modes, Equation (19) are also
(Ref. 9 ) larger. This makes it more difficult to iso-

late a mode if the modal density is high.

close to zero; the quadrature admittance The arguments presented above let us
matrix is better conditioned and, therefore, write the following equation relating the 0
easier to work with, especially if the data ia response to the excitation by an incomplete
experimental and contains noise, modal force vector

There is only one unique force vector r - 1 .
jaia , called the modal force vector* that nd1 (ci) a i " (20)
will excite only one natural mode foi} . If
we remove some of the shaker forces from Jail nxs sxl nxl
and replace them with zeros, the resulting
vector loa is no longer a proper vector to Several items must be noted in this equation.
excite a natural mode and the ensuing response Firstly, the normalizing constant bas lten
vector i will contain responses of other omitted and the vectors tail and 1 i .ave
modes. A complete set of modal force vectors, been normalized by forcing the dominant term
one for each mode, consists of n independent to unity. Secondly, the order of the forcing
vectors. Any arbitrary force vector can be vector has been reduced to be consistent with
expressed in terms of these vectors. An in- the number of shakers used, s. Thirdly, a

* complete force vector can be considered to be symbol tilde (-) has been introduced to
an arbitrary vector and, therefore, may be designate an approximation to the correct
expressed as a linear combination of modal modal force and the modal displacement vectors.
force vectors

We select now a number (r-l) which desig-
nates the number of modes to be suppressed.

.a8 - V1 ial + -YO V jn (16) Conversely, r means the number of modes to be
suppressed plus one mode to be isolated.

The next step is assemble a rectangular
modal displacement approximation matrix by

* also known as principal force vector, applying r equations
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to be isolated,
" [D1 ( n1 )J j J [- ] "(21)

exa sxl nxr {QL} {6ij where 6 j-1I
for i - J

Although one admittance matrix would suffice fori-i

to obtain the needed information, the use of r and 6 - 0
matrices (one for each resonant frequency with-I i

. in the range of zero to r modes) provides a for i J.
better numerical accuracy, especially when
working with experimental numbers.

By specifying the position of unity in the
Now that the first approximation to the Ironecker delta matrix, to coincide with

modal matrix is obtained, we will use it to the location of the mode to be excited, a new
construct an iterative process to refine the approximation for the excitation of that mode

".-. initial estimate of the {&ij . The equation is obtained.
used is the one relating the discrete and modal
forces The process described is an iterative "

technique. It involves a computation of an
approximate modal matrix, assuming an initial{ - a[OJ jaj .trial force vector. Then the contributions of
higher modes are purged and a new force vector

" i [0 ]-T is obtained. This new vector is applied to the
Sa ( =[0 -T ioriginal Eq. (21) and the process is repeated.

The convergence is monitored by computing an -
error at each cycle. The discussion of an

where T means inverse of a transpose, error computation will follow.

For the case on hand this equation To facilitate comprehension of the scheme
- becomes all pertinent steps and equations are sum-

marized and presented below.

T\- { } (1) Determine real and imaginary admit- .
P ITY tance matrices from test at all

resonant frequencies of interest,
where the symbol x means a pseudoinverse. LDR(ni)] and [D(Wnd] .

Because the size of the modal force vector (2) Select an initial trial vector for
IQil is r, reflecting the number of modes to be exciter force ratios a 1(l)* con- -
eycited and suppressed, the size of matrices sistent with the mode being excited.
I land Pail must be adjusted accordingly.
This means that the error is corrected only at (3) Perform the following computation
shaker location points. Ho control over the
rest of the structure is actiYely exercised.
However, as explained below, the errors are (C-i)t 1 ? 1 = ' (22)
monitored at all instrumented points of the D i .

structure. The pseudoinverse, (ref. 6 and 7), nxsxr sxlxr nxlxr
is the necessary tool to obtain an inverse of '.'
a rectangular matrix. If more modes are sup- i 1, 2, .. , r
pressed than the number of shakers, r>s, the "
system presents a least square solution. If
on the other hand, r a, the solution is an (4) Assemble a complete modal matrix

*'optimal solution, ref. 7. [M M(1) and delete rows where no 0
exciters are present. The super-

To obtain a better estimate for I ail , we script (1) means first iteration.
purge the contribution of the modes to be sup- 1 r. e1  ru-(l ' 'l
pressed by requiring that JQiJ consists of = ... r ] (23)"
zeros except for the term relative to the mode sxrxl

* A concept of three-dimensional matrices is
introduced here. For example, n x a x r (5) Invert the matrix in (23) either by
means a number of rows (n) by a number of a regular inversion or by a pseudo-
columns (a) by a number of matrices (r). inverse process
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rTABLE 1
. ".- 4.

Mode Isolation Process for 18-Degree-of-Freedom System %

NORMALIZED MODAL FORCES, {Q

Iteration No. 1 1 2 3 4 5

Mode xcie.-J . l.O0_ . 4 yT.4o
,

2 8.14-: 4.21-8 1.71-91 .77-9 1 7.7-9
Modes 3 2.5 2.29-8 1.59-9 1.58-9 1 58-9

Suppressed 4 9.49-71 5.27-8 2.28-9 2329 233-
04.50-6 I-7.02-9 33.09-9 3.54-9 3.5-S

t&____-t. 7,46-9 6.22-9 6,19-9 6.18-9
T -4.04-6 -1.73-6 -1.74-6 -1.74-6 -1.74-6

8 -9.11-7 3.87-8 4.44-8 4.45-8 4.45-8
9 -7.29-7 -2.30-7 -2.34-7 -2.34-7 -2.34-7

10 1.99-6 5.17-7 5.09-7 5.09-7 5.09-7
11 9.83-7 -1.77-6 -1.77-6 -1.77-6 -1.77-6

Modes Not 12 7.70-6 8.16-6 8.16-6 8.16-6 8.16-6
Suppressed 13 2.98-6 3.28-6 3.27-6 3.27-6 3.27-6

14 3.85-6 3.00-6 3.00-6 3.00-6 3.00-b V' '
15 3.14-7 -1.59-6 -1.59-6 -1.59-6 -1.59-6
16 1.60-6 1.33-6 1.32-6 1.32-6 1.32-6 0
17 1.10-7 -1.25-6 -1.25-6 -1.25-6 -1.25-6 P.a

18 1.85-6 2.24-6 2.24-6 2.24-6 2.24-6 %,.

NORMALIZED SHAKER FORCES, o

3 1.00+0 2.56-1 2.55-1 2.55-1 2.55- 1
Pn 6 1.00+0 3.79-1 3.80-1 3.80-1 3.80-1

Mass Point 9 1.0040 7.04-i 7.05-1 7.05-1 7.05-1
Number 12 1.00+0 6.58-1 6.58-1 6.58-1 6.56-1

15 1.00+0 1.00+0 1.00+0 1.00+0 1.00C-C
18 1.0040 5.73-1 5.74-1 5.74-1 5.7-: '.. "-..

ERROR INDICATOR, c0

2.97-4 2.49-5 2.50-5 2.50-5 2.50-5

ERROR INDICATOR, C:

1.44-2 7.19-4 7.17-4 7.17-4 7.17--

Notes: 1. Damping g = 0.05

Six shakers are usc.

TABLE 2
Modal Parameters for the System With the Coupler

Structural
Natural Frequency. w ni Hz Damping, g

Case A B C D 1 2 3 0
Mode 1 8.13 8.13 8.09 7.99 .05 .25 .05

Mode 2 16.22 11.95 8.77 8.35 .05 .25 .25

Mode 3 24.17 24.06 23.8 23.69 .05 .25 .05

Mode 4 32.00 26.25 24.8 24.72 .05 .25 .25

Mode 5 39.54 39.13 38.8 38.75 .05 .25 .05 0
Mode 6 46.90 41.18 40.5 40.44 .05 .25 .25

Coupler
1/10 1/100 1/1000

-.-.- " ',t" -..
°

Note: The 12 cases investigated were formed by taking one letter

and one number. For exam1 I. B2 case. •
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%0

(,] x, (i] l,( [,]T(l.l[i-],1, =. (;q}{o7} (30)

sxrxl sxsx sxrxl (24)(

J ANALYTICAL SIMULATION

() Compute a new approximation to the

forcing vector 1il (2) using the Two examples have been selected to demon- 0 ,

following recursive formula strate the technique. These involve an analy-
rpetical simulation of the test The physical

(2) = Qi (25) are used. Mode 1 is isolated, modes 2 through
6 are suppressed. Table 1 shows the iterative

sxlxr sxrxl rxlxr process for five iteration cycles. For the
first iteration cycle all six shaker forces
were arbitrarily set in phase at unity ampli-

The position of the unity in the tude. For this simple example convergence -.
matrir IQil is determined by the occurs after the second iteration cycle. In-%.
position of the mode to be isolated computing the error indicator the coincidental ..

and remains fixed for the duration acceleration vectors were normalized to be .. '..,
of the iteration process. consistent with the normalized quadrature - - -'

vectors.
(7) Repeat the process using Eq. (22).

Another example consists of an 18-degree- -
If one observes Eq. (24), it becomes ap- of-freedom mass-spring model with a coupler in -.

parent that the solution exists only if a 6 r, the middle. Fig. 4 shows its physical charac-
otherwise the matrix product in the parentheses teristics. The intent here was to obtain "
becomes singular and the inverse does not closely spaced pairs of natural frequencies.
exist. A different type of a pseudoinverse can These are shown in Table 2. The results are
be used in this case representing a minimiza- shown graphically in Fig. 5 for two cases of
tion problem. coupler stiffness, Kc = 1/1 and 1/100. The

resolution of the computer plots is not suf- 0
The error in modal displacements can be ficient to show the double peaks for the .

evaluated by an application of Eq. (14). At Kc - 1/100 case except for the first mode. r.
resonance, if a correct modal force vector is After five iteration cycles most of the higher -. *

used, mode contributions disappear.

Several factors affect the convergence , -
[D(Wn (26) rate and the minimum attainable error. Themost important is the number of shakers in 0

comparison with the total number of degrees- -
If an incomplete force vector is used in Eq. of freedom. Also, the lower modes converge b
(26), specifically { , which is obtained faster than higher modes as shown in Fig. 6.

from ItCiF by inserting zero terms at locations In some cases, especially for higher modes,
where there are no shakers, Eq. (26) becomes oscillations in the convergence curves occur. %

No explanation for this phenomenon is offered.

[R( i i varying structural damping, the number of

shakers, the number of modes suppressed, etc.
The error vector 0 F represents a measure More comprehensive discussion of these para- e.-J1

of errors in modal displacements. To obtain a metric studies is offered in ref. (8). The
convenient single number as a measure of following conclusions were reached:
error, a root-sum-square of individual terms
can be used The algorithm performs well under condi-

tions found during the actual testing.
In cases investigated, structural damping

l = T(28) coefficients of 0.1 produced acceptable
convergence. Also, a general conclusion "
is that as more modes are used in the z

Another measure of error ep used in examples suppression process, less suppression is
presented below is based on the difference of obtained. Optimum results are obtained ' 1
modal displacements as calculated by this if the number of modes suppressed is
algorithm and by analysis, assuming that analy- equal to the number of shakers less one.
sis produces correct mode shapes: Some analyses were performed with random

errors introduced into the admittance .K {'~} {"E {~'A (29)matrices simulating experimental error. . -Ag = E " ()Also errors in the natural frequencies .
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were siualated to investigate the conver-
gence. In all cases where the errors did
not exceed ±107. the convergence van satis-
factory.

The examples shown demnstrate the basic
feasibility of the algorithm. However, the0
real proof lies in using the actual test data.
This work is being done at the present time.
The results will be presented at a later date.
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W. L. Hallauer, Jr. and J. F. Stafford

Virginia Polytechnic Institute and State University
Blacksburg, Virginia 24061

The metnod proposed by Asher for structural dynamic modal testing by multiple-
shaker sinusoidal excitation is reviewed, and its theory and application are ~ ,

discussed in detail. Numerical results from simulated modal testing on mathe-
matical structural models are presented to illustrate the strengths and weak-
nesses of the method. The characteristics of these models include damping0
which couples the normal modes and closely spaced modes. Numerical techniques
required for implementation of the method are described. A procedure is sug-
gested for replacing actual mechanical tuning with calculations employing
transfer function data..

1. INTRODUCTION models, some of which have closely spaced modes,
and (iii) to discuss some aspects of the prac-0

Structural dynamic modal testing by means tical application of the method. Our computer
of multiple-shaker sinusoidal excitation re- simulation models are similar to those of

* quires some method for specifying shaker forces Craig and Su [3]; however, whereas they repre- ... ,

* so as to isolate or tune individual modes of sented structural damping as the proportional '

*vibration. Asher [1], expressing doubt that or non-coupling type, we have accounted for
other methods available or proposed at the the more realistic type of damping which couples %~

* time (1958) were capable of separating closely the normal modes of vibration.
spaced modes, proposed a quantitative method
which both detects natural frequencies and The computer simulation results demonstr-ate .-

provides the force distributions for multiple- instances of both success and failure of Asher's
shaker tuning. The method uses only experi- method. In many cases, it detects all modes and
mental transfer function data as input and, in provides force distributions which effectively
principle, is capable of tuning any mode, re- separate the modes so that mode shapes may be. -

gardless of the degree of modal density. measured accurately. However, it is also pos-
sible that Asher's method may provide poor

Asher was unable to apply his method suc- tuning, miss modes, or even introduce false '
cessfully in modal testing due to equipment modes.- . ,.
limitations. Furthermore, he stated that imple-

W mentation of the method would require the The distribution of excitation on a test
Vdevelopmnt of data acquisition and processing specimen encompasses both spatial distribution

equipment to handle experimental transfer func- o sna oa ting an di tion) adfre- -

shaker ~ ~ ~ ~ ~ ~ ~ o Posodleciaini eveead itihoan d (lo lcation a rein and fo"rc.e-

tion data. These practical obstacles evidently amplitude distribution of the mechanical
discouraged attempts to apply Asher's method in shakers. However, Asher's method addresses
the laboratory throughout the 1960's. Nonethe- directly only the problem of force-amplitude
less, the method was considered promising and distribution, the shaker positions must already
was discussed extensively by several authors, have been selected before Asher's method is
notably Bishop and Gladwell [2] and Craig and applied. The positioning of exciters is usually

rSu [3. Finally, in 1974 the practical useful- based on the judgment and experience of test
ness of Asher's method was demonstrated by and analysis engineers. To date, very little
application in the MODALAB test facility, as quantitative study has been devoted to the
described by Smith et al [4), Stroud et al [5], positioning problem and, although important, it
and Hamia et al [6]re is not the primary concern of this paper.

The objectives of this paper are i) to
review and discuss in detail the theory under- 11. THEORETICAL BACKGROUND --- - -
lying Asher's method, (ii) to present numerical
results developed from computer simulation of Consider a linear structural system having .

modal testing on relatively simple structural n degrees of freedom, the time-dependent
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responses of which make up the n x 1 column To solve equation (4) for frequency re- ,
matrix x. (Notation is listedat the end of sponse, references [2] and [9] develop a fre-' - ~quency-dependent eigenvalue problem, '- .-

the paper.) The system is excited by a set of qey pnneevupoe
sinusoidally varying forces having coherent w[c(w)]p - tan @ ([k] - w [ml)=0 (5a)
phases, i.e., all having 00 or 1800 phase, 2 5

f At each driving frequency w there are n eigen- _
= F cos wt = Re {F eiwt}  (la) solutions, each consisting of real mode shape' " " ¢_( ~) and real phase-lag angle er=,which is ".,.

It is assumed that all starting transients r ( er whhs
. have decayed away, so the response is steady- calculated from the actual eigenvalue tan er  ';"° .

state sinusoidal, With these quantities known, the associated
Re force-amplitude vectors rr (w), r = 1, 2.

x = R ei t}  (lb) n, are calculated from
Response amplitude vector X is generally com- r=cose2([k]-2 s c

*'. plex, reflecting the facts that response is usual- [n.-.c-.b

ly not in phase with excitation and that each Each vector r( ) is that amplitude distribu- -.- .
response may have a different phase. Having tion of coherently phased forces,
equations (la, b), we may treat the problem as
one in which F is the input, X the output, and f = r cos Wt

their linear relationship is completely defined
by the n x n transfer function matrix LH(w)], which produces responses in all degrees of

freedom having the same phase lag e
X = [H(w)] F (2)

It will be necessary to distinguish between .cs.w-. .. ,
the in-phase (0* or 1800) portion and the out- Solutions p ( 6) (w) and r C) may be termed --

of-phase (±90 ) portion of response in the collectively the rth frequency-dependent "char-
forms, respectively, of the coincident-response acteristic phase-lag mode". •- '' matrix [C(w)] and the quadrature-response matrix

*'". [Q(w)] defined by Equation (5a) is valid provided e # -.

,a [H(.)]= [C(w)] +i [Q(w)] (3) However, if es  for the sth mode, then ..
' ~~equations (Sa,b) reduce, respectively, to ,,....

All structures considered in this paper e i.dsc lare assumed to be discretized to n degrees of l 2[m]) as 
= 0 (6a)

freedom, so that the governing matrix equation (os [m)] s (6b)
- of motion for steady-state sinusoidal excita- r =(w[c(w)] (6b)

tion and response is
The only solution to equation (6a) is the

[m]x + [c(w)Ix + [klx = F cos wt (4) normal mode solution. Hence if w w , the .-

,"sth undamped natural frequency, then the sth
System inertia, damping and stiffness matrices, characteristic phase-lag mode shape becomes .'. -v
[i], [c(w)] and [k] respectively, are assumed the sth normal mode shape,
to be real, symmetric, and positive-definite.
The representation of damping by an arbitrarily s(s) (7a)
frequency-dependent term is rather general. In s _s(.a
particular, it encompasses any combination of and the responses of all .degrees of freedom .
the standard viscous and hysteretic types; if in that mode are in quadrature with the excita-
[b] and [d] are, respectively, the constant tion, %
viscous and hysteretic damping matrices, then
[c(.)] = [b] + I1w [d]. Damping matrix [c(w)] 0s = (7b)
is not necessarily diagonalized by the standard 2
normal mode transformation; i.e., if [f is the and, finally, the excitation has the particular
modal matrix of normal modes, then [€] c][O] form,
is not necessarily diagonal. If the product is
not diagonal, then [c] is called a coupling r s(s) =ws [c(ws)] * s (7c)
damping matrix since it couples the otherwise ... .
uncoupled normal equations of motion. The characteristic phase-lag modes repre- .4..

sent a specific type of forced response, so
The frequency response solution for arbi- they do not give directly an equation of the

trary linear damping [c(w)] has been estab- type (2) expressing response due to arbitrary
fished by application of the characteristic excitation, from which [H()] may be written. .

phase-lag theory of Fraeijs de Veubeke [7,8]. However, at each excitation frequency the set '.'.,
The summary here follows primarily the develop- of vectors rr, r - , 2, ..., n, is linearly %ments in English by Bishop and Gladwell (2] and r"*"
Bishop et al [a]. independent, so any arbitrary force amplitude

Bh ea 9distribution F of coherently phased forces may
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be expressed as a linear sum of the rr That is, the coincident-response matrix is sin-
gular at each undamped natural frequency. This

n is so because, from equations (6a), (7a), and
F r r (8b), (W)= 0 so R(W )= . Another inter-

pretation of this singularity is seen by expres-

By using this expansion, orthogonality condi- ing the kth column of the coincident-response
tions which are easily derived from equations matrix as
(5ab), and the principle of superposition for .-• ) n
linear systems, references [2] and [9] derive Ck(w) Rr (12)
the frequency response transfer function matrix r *kr lr
in the form

n where 0kr is the kth element of W hen w .'*.. ,

[r- (Rr+ 1r) -r!r (8a) Wr, r z 1, 2, .... n, each column Ck isa sum

of the n linearly independent vectors so

* where that CC] is not singular. However, when w =
Or r "a "sr the sth undamped natural frequency, then 7

Rr 2+0 2 R(s) = 0 so equation (12) becomes

r r r r
n

01 W * t c] 'r" (8b) Ck(ws) = _Rr *kr Or (13)
r rr - rzl
r "_rt(Ck] " ) r In this case, each column C is a sum of only

th repeating fo emphasis tht the n - 1 linearly independent n-dimensional vec-
It s wr o ators, so the n columns of [CG~, )] are linearly

modal vectors *r are frequency-dependent, quite s

unlike modal vectors for normal or complex dependent and the matrix is singular.
modes. Equation (8a) applies for almost any
type of linear damping that one might wish to ...
consider, so it is quite useful for discussion [C(ws)) r (ws)=0, s=l 2 .... n (14)
of the nature of solutions. However, it is 5 .s s -
somewhat impractical for numerical studies be- V,. *

cause it requires the solution of eigenvalue This can be proved by substituting equations .".-..-
problem (5a) at each excitation frequency of (9a) and (7c) into the left-hand side of (14), : .

interest. None of the numerical results in applying the following orthogonality condition 0
this paper have been calculated from equation derived in references (2] and [9j, ..
(8a).

Te t[c() os =0 for r s-
The coincident-response matrix defined by -

equation (3) is of particular interest. It and, finally, using R() 0. (.--
may be expressed either as a sum, from equation %
(Ba), In view of results (11) and (14), the

n equation

[C(.)] = Rr ?r !r (9a) ()F =0 (15)..-

or as a matrix product, may be regarded as a non-standard eigenvalue e,
problem having n eigensolutlons. The rth elgen-
value is the rth undamped natural frequency,

CC(.)] - (0] [RJ [0]t (9b) and the associated elgenvector is the amplitude

where [il is the square modal matrix of *r vec- distribution of coherently phased forces re- S
r quired to tune exactly the rth undamped normal

tors and [R] is the diagonal matrix whose kth mode in quadrature phase with the excitation.
diagonal element is Rk. From equation (9b) the
dtrinofC s(4Asher [1] first stated results (11) and %! . -

(14) and proposed the interpretation of equa-

dt Cw) -( t 2 n tion (15) as an etgenvalue problem. Bishop

rol r mathematical validity of those results. Craig
and Su [3] established the same conclusions

An important conclusion may be inferred with a short and direct derivation. We have .," ," v -
*" from equation (10), namely, presented this review rather than simply re- ". "
"*. stating the conclusions for the following rea- .\' t

det [C(ws)J 0, s 1, 2, n (11) sons: to provide a summary for readers un- ,.
s familiar with the characteristic phase-lag

., ~~51 , :-:-
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theory; to extend the scope of Bishop and Glad- circle on a co-quad plot in the complex plane,
well's results to include a more general form from which modal damping as well as the mode
of damping (They regarded their results as shape component may be determined (Kennedy and
applicable only for viscous or hysteretic damp- Pancu [11]). Moreover, if damping is viscous
ing, but the extension is almost trivial.); and non-coupling, the co-quad plot is still
finally, to represent the coincident-response nearly circular. Even if damping couples the
matrix in the new forms (9b) and (12), which normal modes, a co-quad plot is useful for
expedite interpretation of results. Indicating the presence of a true mode; how-

ever, as shown by the simulation study results , "
-; of Section V, damping coupling of closely %

III. ASHER'S METHOD spaced modes may give co-quad plots which are
-o somewhat difficult to interpret in light of our

Asher's method is based on the theoretical expectations based on non-coupling damping.
results contained in equations (11) and (14).
The method can be described with reference to Returning to Asher's method, we may state -

A those equations in the context of an idealized that in principle it Is capable of measuring
modal test on a discrete n-degree-of-freedom exactly every undamped natural frequency and

" linear structure with arbitrary linear struc- the associated real mode shape of an ideal dis-
tural damping. The test begins with measurement crete structure with n degrees of freedom and
of the n x n frequency response transfer func- linear damping. The method uses only experi-
tion [H()] over the entire modal spectrum of mental data as input; no estimated data such as
the structure. This data may be assembled by a mass matrix is required.
applying excitation and measuring response at
each degree of freedom, with the use of either Actual modal testing of real hardware is,
incremental sine-sweep excitation for direct of course, much more complicated than the
measurement or broadband excitation and calcula- idealized testing of a perfect discrete struc- .
tion by digital time series analysis. (See ture described above. The practical realities
Hamma et al [6] and Brown et al [10] for con- are that any continuous structure has an in-
trasting views on the merlts--o these two test- definitely large number of degrees of freedom,
ing methods.) Next, the coincident-response and that sensing and exciting equipment can be
matrix [C(w)] is extracted as the real part of applied at only a relatively small number of
[H(w)], and det [C()] is plotted over the locations on the structure. It is feasible .....
entire modal spectrum. Exactly n zero cross- therefore to measure only a p x p incomplete

Sings of det [C(w)] are found, and the frequen- coincident-response matrix [C*(w)], where
cies at which they occur are, from equation (11), p < n. It is clearly not possible to satisfy .
the undamped natural frequencies of the struc- the exact equations (11) and (14), so the most "..:".

- ture, even though damping is present. Next, reasonable alternative course for practical
the relative force-amplitude distributions for application of Asher's method is to seek useful
tuning all modes are determined as the solutions solutions to the analogous equations,
S(W s = 1, 2, ... , n, of equation (14).'-" ~ d e t [ C * ( w ) ] = 0 ( 1 6 a ) '- ..;
Each vector rs (W s ) is equal to any one of the d.[*)-.0-6

identical (to within constant multiples) columns [C*(w)l r* = 0 (16b) - *" ~of the adjoint matrix adi [C(ws)]. This rela- r 'v.'
oi awhere r* is a p x 1 vector of force amplitudes 4.

tively simple solution procedure is predicated
on the availability of [C] at the exact zeros corresponding to the p available shaker loca-
of det CC]; otherwise, interpolation is required. tions. As we shall demonstrate with the simula-o [hFinally, each of the n modes is tuned exactly tion study results, use of equations (16a,b)
in a multiple-shaker sine dwell. For the sth can lead to the following possible consequences,

listed in order of decreasing desirability: .-
mode, the shakers are set to produce the forces (i) a zero of det [C* may occur close to but

cos st not exactly at a natural frequency, and the
f = r )force vector r* will effectively tune the

Then the response is measured to be corresponding mode; (ii) a zero of det [C*]
may occur close to a natural frequency, but

x c the vector r* will not adequately isolate the
,s os 2 mode from interfering modes; (ili) a zero of

The response-amplitude distribution s is the det [C*] may be totally unrelated to any of the , %
s natural frequencies; (iv) det C* may have no%

exact mode shape of the sth undamped normal zero in the vicinity of a natural frequency.* mode, again, even though the structure isdamped. 
Mathematical justification is quite limit- i

A short digression on the tuning step is ed for the proposition that the solutions ofi Ashtdgsinnteuigtp1equations (16a,b) will represent accurate nat-
in order. Normally a narrow-band sine sweep ural frequencies and effective tuning force-
about with fixed force-amplitude distrlbu- amplitude distributions. With the definition
tion Is more useful than a sine dwell. If of the characteristic phase-lag p x 1 trun-
damping is hysteretic and non-coupling, then cated modal vectors r' r = 1, 2, .... n, and "
the locus of each complex response is a perfect r

." .% ? '. ;°
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the corresponding p x n modal matrix [ *], does not couple the normal modes, there seems
equation (9b) gives to be no reason to expect that the dissipative

mechanisms of the actual structures should have
[C*(.)] = [,p*] RJ [1,]t this very special and desirable characteristic.

T dge frd dedr eh tHence, damping matrices which couple the normal
The degrees of freedom deleted from each pr to modes have been used in calculations of the

results to beprsneinSconV
form r* are, of course, the degrees of freedom presented in Section V.

. missing from [C*]. Since [1r*] is not square, But how does one specify numerically the

it is not possible to write a simple equation elements of coupling damping matrix [c], which
" for det [C*] analogous to equation (10) for is required for calculation of the frequency

det [C]. Hence, it is difficult if not im- response solution? Since structural damping is
. possible to predict, in a precise mathematical always dissipative and since dashpot elements "

sense, how closely the zeros of det [C*] appro- are analogous to spring elements in mechanical
Sxmate the true natural frequencies. It is models, it seems reasonable to expect that [c]

perhaps even more difficult to assess mathe- should be syheetric and positive-definite. n
matically the tuning effectiveness of a force- Beyond that, however, there is apparently no
amplitude solution r* to equation (16b). Bishop information available to guide one in selecting

-% physically reasonable element values for damp-
and Gladwell [2] stated without proof several ing matrices of continuous structures. We
interesting results regarding the numbers of therefore have used the concept of a coupled
zeros of det [C*i and their lower and upper modal damping matrix with unit diagonal elements
bounds (w, and wn). These results are possibly (Hasselman [13]) to derive an equation for cal- - _

*-; the most precise mathematical statements that culating a coupling damping matrix. The equa- r-can be made regarding the solutions of equation tion is based on an assumption about the nature . r
(16a,b). of damping rather than on actual measurements

of damping, so the resulting matrices may be
Despite the absence of firm mathematical regarded as plausible but not necessarily

justification, application of equations (16a,b) physically representative.
often leads to surprisingly good results. This
frequent success can be partially explained, For a damping matrix [cn] which does not

at least physically if not mathematically, on couple the undamped normal modes, we have by
the basis of the following result from equations definition
(7): forced vibration in a pure normal mode at
its undamped natural frequency is characterized [0 [Cn] [ G] = rG'
by all response being in quadrature phase w'".1 n
the excitation. The physical consequence of where [G] is the diagonal generalized damping
equations (16a,b) being satisfied at some fre- matrix. For example, if damping is a combina-
quency w' is that the p degrees of freedom tion of non-coupling viscous and hysteretic
represented in [C*] are constrained to respond types, then
exactly in quadrature phase with the p forces. 1
The n - p unforced degrees of freedom are, of [cn] = [b + -1d]
course, not so constrained. But if w' is close -.

* to a natural frequency and if the p shakers
are located at positions appropriate to tune so that

the mode, then it is reasonable to expect, and [G]= CB + - rDJ (17)
it often happens, that the unforced degrees of W
freedom having significant modal energy will where the rth diagonal elements are calculated
"cooperate" by responding nearly in quadrature from
phase with the forces. In such a case, the
entire structure vibrates in a close approxima- Br -2 Mr r r
tion to the true normal mode.

2r = Mr r (18) -
In discussing equations (16a,b), we have t

assumed that the p response locations are Mr € [i]
identical to the p excitation locations. How- r r v.
ever, in the spirit of the quadrature-response and c and g are, respectively, the standard
explanation given above, it is permissible
that the response and excitation locations viscous damping ratio and hysteretic damping
differ. Stroud et al [5] and Ibanez [12] made constant for the rth mode Although -GJ is
this observation anin addition, described diagonal for non-coupling damping, in generalapproaches for which the number of responses the modal vectors are not normalized so as tomasrace needot eq the number of rexses make it the unit or identity matrix. However,measured need not equal the number of exciters. if the modal vectors are re-normalized in the

form

IV. COUPLING DAMPING MATRICES 1 1 2, .. .
W r -~ r=1? .. n

Although most analytical studies using j -r
standard modal analysis assume that damping _'A
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or the solution of Foss [14] based on a complex

1/2 eigenvalue problem devised by Frazer et al [15].
[] = [€] G' 2J (19) Miramand et al [16] recently presented an effi-

cient computational form of this solution. For
then there follows hysteretic damping, we have used the solution

established by Bishop and Johnson [17].
[Olt [cn] [O'] = NlJ (20)

We may regard the unit matrix in this equation V. NUMERICAL SIMULATION OF MODAL TESTING
as the uncoupled unit modal damping matrix.

Csen t ivsp lalSimulation studies with mathematical models
Consider now the inverse problem, namely, having non-coupling damping were conducted

. calculating the damping matrix given the un- previously by Bishop and Gladwell [2], Craig
damped normal modes and the modal damping con- and Su [3], and Stafford [18] (an unpublished
stants, which would normally be and/or g thesis). Bishop and Gladwell examined only
r , 2 ... n. In this case, GJ is calcu- the zeros of det [C*] and demonstrated therated from equations (17) and (18). and equa- occurrence of a good mode indication (a zero
lae meution s (201i7pst and re-8utipaid by ia] very close to a natural frequency), a false

~ ~tion (20) is post- and pre-multiplied by [0]-mode lstaaualrqec)aasindication (a zero distant from all natu-m ""'.w

and its transpose, respectively, to give md niain( eodsatfo l au-ral frequencies), and a missed mode (no zero
[cn] [V]t 1'lJ [V] (21) in the vicinity of a natural frequency). In a[.n- more detailed study, Craig and Su examined the

where zeros of det [C*] and the quality of sine dwell "O
where tuning achieved by r* force-amplitude distribu-

IV] : [;]-l tions. Stafford included plots of det [C*(w)]
1/2 1 and examined the quality of narrow-band sine-

= EG/ 2 [J1- (22) sweep tuning achieved by r* distributions;
?-', ~tuning quality was demonstrated by both co- -''.

Equation (21) by itself has no particular value quad response plots and modal energy calcula-
since a damping matrix is certainly not re- q ons e
quired for a frequency response solution if tions.

damping does not couple the normal modes and Although not included in previously pub- .. ,
if modal data, including structural damping lished simulation studies, plots of det [C*()]
constants, are given. However, the form of- ~~are quire informative, certainly much more so-"'-,
equation (21) does provide the model for calcu-
lation of a plausible coupling damping matrix, fewthan determinantgs plotzero-crossing calculatedfrequencies. A

SIf damping couples the normal modes, then mental data appear in the papers by Smith et al
th Ifmoal damping m l eral ote [43 and Stroud et al [5]. But those plots

the modal damping matrix will certainly not be demonstrate only good mode indications. Since
the unit matrix of equation (20). It is reason- false mode indications and missed modes also
able to expect, though, that the modal damping exhibit informative characteristic forms on .

matrix should have the appearance of a properly coincident-response determinant plots, several
normalized experimental mass orthogonality examples of such plots are included in the

" matrix (See, for example, Stroud et al [5].); pes results
that is, the coupled modal damping matrix, de- present results.
noted [1c], should be symmetric and should have
unit diagonal elements, with at least some non- All results presented here have been cal-

zero off-diagonal elements to represent coupl- culated for coupling damping. Both hysteretic
ing between modes. Then, by analogy with equa- and viscous damping were considered, but there
tion (21), we define the physical coupling appear to be no distinguishing differences in
damping matrix associated with the degree of the determinant or response plots. The effects
modal coupling in [1c] and with the uncoupled of substantial coupling appear very clearly on
modal damping in a given [GJ to be co-quad response plots, which also indicate

the quality of modal tuning.

* [] [tc [(2)A particular advantage of computer simula- .

N where IV] is evaluated from equations (17), (18) tion of modal testing is that the parameters _
and (22). We have no rational basis at present of the mathematical structural model are known
for choosing the off-diagonal elements of [Ic]. precisely and can even be designed to produce

4 Our usual procedure is to specify positive desired characteristics such as high modal
numbers less than 1 and then judge our choice density and nodes at certain degrees of free-
to be satisfactory or unsatisfactory on the dom. Hence, an absolute standard is available 0
basis of the physical plausibility of the con- against which to judge the simulated test re-
sequent frequency response calculations. sults and, furthermore, failures of the test

method can often be attributed directly to
ar vial-o'cluaigte some specific cause. The models described and~Methods are available for calculating the

frequency response of a system with coupling the results presented here have been selected
damninq which is either purely viscous or purely to demonstrate the consequences of applying
hysteretic. For viscous damping, we have used Asher's method in situations which are typical .
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of actual hardware testing; our expectation is The undamped normal mode solution is list-
that these results will provide guidance for ed in Table 1. The structure was designed to
the interpretation of real data, have its third and fourth natural frequencies

within 4% of each other by means of an optimi-
zation procedure (Hallauer et al [19]). Damp-

V.1 MODELS 5H AND 5V ing values gr and tr for the third and fourth

modes were selected (see below) so as to make .These two models are structurally iden- these modes closely spaced in the sense that " "
tical but have different damping matrices. The they be separated by less than one half-power
structure, a cantilevered plane grid with five
degrees of freedom, is illustrated in Figure 1. bandwidth
It is similar to Craig and Su's [3] model struc- Coupling damping matrices for these models

ture.pin Fivein discrete masse ares locteeinthture. Five discrete masses are located in the were calculated from equation (23). Model 5H
- B plane at rigid right-angle joints con- has hysteretic damping, and its [d] matrix was

necting the bars, and the degrees of freedom calculated from a [c] matrix with all off-
are vertical (y) translations of the masses.are verticalues, ( hc tr artn elmts of the diagonal elements equal to 0.15. The hyster-
The mass values, which are the elements of theetcmdl apigvus rlsednodr
diagonal mass matrix, are listed as follows in r
order from 1 to 5: 1.259 kg (0.007191 lb-sec2/ from 1 to 5, are 0.025, 0.035, 0.05, 0.04, 0.02.
in), 1.385 (0.007911), 2.096 (0.01197), 0.3447 Model 5V has viscous damping with r = 0.025
(0.001968), 1.613 (0.009213). (All calcula- for each mode, and its [b] matrix was calculated
tions for models 5H and 5V were made in the
primary units of pounds, inches and seconds.) from the following coupled modal damping matrix:
The eight identical bars are assumed massless
and flexible only in vertical bending and tor- 1.0 0.3 0.1 0.0 0.0

sion. Each bar has 0.254 m (10.0 inch) length [lc] = 0.3 0.1 ....
and 6.35 mm (0.25 inch) diameter. Bar material PSYM 1. 0.3o.
has Young's modulus E = 68.9 GPa (10.0 x 106 1 0
psi) and shear modulus G 27.6 GPa (4.0 x 106

psi).

V.2 MODEL lH

This model consists of a beam subject to
vertical bending and torsion and an attached
spring-mass oscillator. It is illustrated in
Figure 2. A massless flexible beam of length
z. is attached to supports at points A and B.

5 These supports provide boundary restraint such

that the beam is simply-supported relative to
bending in the y direction and clamped relative
to torsion. Discrete masses 1 - 5 are uniform-
ly spaced along the beam at intervals of E/6;
masses 6 - 10 are suspended from the beam in
the a - a plane by rigid massless links, each
having length e; mass 11 is suspended vertical-
ly from mass 4 by a spring with stiffness con-

a stant k. The eleven degrees of freedom are
vertical (y) translations of the masses. For 0

Fig. 1 Structure of Models 5H and 5V numerical evaluation, the equations describing

TABLE 1

Undamped normal modes of models 5H and 5V 0

r 1 2 3 4 5

r 0.908 32.055 53.500 55.409 94.924

(rad/sec)

* (mass) 0

(1) 0.126 0.943 -0.380 -0.595 0.121 r
(2) 0.232 0.479 -0.075 0.478 -0.712

" (3) 0.337 -0.165 -0.703 0.320 0.217
% (4) 0.773 1.000 1.000 1.000 1.000 .41 .'

(5) 1.000 -0.281 0.195 -0.342 -0.130
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this model were written in dimensionless form. V.3 RESULTS AND DISCUSSION F"..''%.
The dimensionless mass values, stated relative
to the summed total Mo of the beam and link Coincident-response determinant plots for ., .
mssa 0. fras1",02omodel 5H are shown on Figures 3a, b, c, in solid,-'" masses, are 0.18 for masses 1 - 5, 0.02 for ,.".

curves for all masses excited and in dashed _,'masses 6 - 10, and 0.07 for mass 11. The other cre o nymse n xie. I he •-0 curves for only masses I and 5 excited. In the

dimensionless parameters are -= E= vicinity of natural frequencies, these curves3. Elusually have the form typical of the coincident
2, kxcomponent of a transfer function. Each curveN

0.01 2f and 1 5.5, in which El and GJ areET is normalized to the determinant having largest

beam bending and torsional stiffnesses, respec- absolute value in the frequency range of the
tively. graph. With this normalization scheme, it is

typical that the lowest mode dominates and
higher modes may be lost within the amplitude
resolution of the graph. Thus the 94.9 rad/sec

A. mode is not evident on Figure 3a, so a re-
normalized expanded-scale plot, Figure 3b, must .,'
be made. (A simple way to indicate on Figure

3 3a at least the zero crossing of the high mode
6 'is to plot -the reciprocal of the determinant,

5. which for data at discrete frequencies would
9 1 e have finite positive and negative peaks adja-

1o- cent to the crossing.) The det [C] curves on
Figures 3a, b have zero crossings exactly at
the undamped natural frequencies, in accordance
with theory.

Fig. 2 Structure of Model 11H..'-""
Figure 4 represents the consequences of

The first five normal modes of model lH applying Asher's method with complete excita-
are listed in Table 2. The dimensionless tion (i.e., all masses forced) to isolate the
natural frequencies are defined as higher of the two close modes of model 5H. The

onormalized tuning force-amplitude distribution
~ ZT (= r in this case) was calculated from|"r -.

W = " [C(- 4Ilr=0. This distribution was then applied .

T h r d i a f tto the model in a 3 rad/sec narrow-band sine
a sweep to determine the co-quad curves of com- ..model was calculated from equation (23) with apliance X of each

[1c] matrix having all off-diagonal elements i mass. (X3 was omitted to

equal to 0.2 and with gr for each mode equal reduce plot clutter.) Conjugates were plotted
to 0.02. where appropriate to reduce graph size. The

starting frequency in the sweep is indicated
4.'

TABLE 2

First five undamped normal modes of model llH

r 1 2 3 4 5

"r 7.366 8.870 11.456 16.969 24.215
. ..-.....

(mass)

(1) 0.155 0.009 -0.335 0.027 0.010 "
(2) 0.270 0.013 -0.575 0.026 0.000
(3) 0.316 0.009 -0.655 -0.002 -0.010
(4) 0.278 0.001 -0.558 -0.029 0.000
(5) 0.161 -0.001 -0.320 -0.028 0.010 S
(6) 0.496 0.507 0.486 1.000 1.000
(7) 0.862 0.874 0.851 1.000 0.000
(8) 1.000 1.000 1.000 0.001 -1.000
(9) 0.871 0.858 0.882 -0.999 0.000 e

(10) 0.504 0.493 0.514 -0.999 1.000
. (11) 0.892 -0.984 0.828 0.011 0.000

5 6 . ._
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* 1.0 Im X
-.a I I I I Re Xi.

2.. 
.- -0.706-

::All -- ass,. , orced X+ -0.743:S -0.708

I; lMasses orcei -ct

E -0.595
1-. 478

- I ®" -I 0.320
+' ;-1.0 1000 . 1 , - .

5.00 20.83 36.66 52.50 6833 84.16 100.00 I -0.342
u (radlsec) -

All masses /-Masses 1 and 5 - -

" ' forfe o Central Frequency: 55.409 rad/secorcd - Frequency Increment: 0. 150 rad/sec"''". m n05 N"dvso
/J

. _,, Response Scale: 2.86 (050 n) per division
0 N~ lb

E Fig. 4 Perfect tuning with complete excitation:
co-quad plot for the fourth mode of -'
model 5H with all masses forced in a
3 rad/sec narrow-band sine sweep

1.0 I damping causes deviation from circular shape.•9 0 .0 O D 9 1 .6 6 9 3 .3 3 1. 0 0 9 6 6 6 9 .3 3 0 0 . 0 0
9 9. 93"96 . 1.In this case, coupling introduces obvious inter-

w (radlsec) ference from the lower of the closely spaced

1.0 . modes. It should be noted that for coupling
., ) damping, the theory of Section II guarantees

perfect mode tuning only at the natural fre-
quency, with response in quadrature phase re-
lative to excitation, even though all degrees .0

Masses 1. 5 forced of freedom are excited.

. a --- -- IIt is not unusual for the tuning force-
- amplitude distributions given by Asher's

'II method to defy physical intuition. For example, -.

- the fundamental mode of model 5H has a typical
' first bending mode shape (Table 1) with all

responses in phase, so we might expect that all
tuning forces should also be in phase. But the

-. 00 4 4 5 3 . normalized force vector for perfect tuning is ..400 43-33 46.66 50.00 53.33 56.66 60.00

U Irad/sec)'" I ~~-0.125 "...,

-0 
2 14Fig. 3 Determinant plots for complete and % 0.133

incomplete excitation of model 5H: m 1.000 !0
(a) 5-100 rad/sec, (b) 90-100 rad/sec, 

1043
-. (c) 40-60 rad/sec.'-0.43-.1

The explanation for this anomaly is that exciter
by an arrow for each response, and tic marks on forces appropriate for tuning a mode must cancel
response curves indicate increments of equalfrqec.Teetmd€haevco *wa damping forces, which are not generally distri- z-

f e buted spatially in accordance with mode shape.

calculated from the quadrature components of
* response at the determinant zero-crossing fre- The det [C*] dashed curves of Figures 3a,

quency; in this case it is the exact mode shape, b, c exhibit good mode crossings at 10.909,
in accordance with theory. 32.070 and 55.327 rad/sec, very close to the

natural frequencies of the first, second and
If damping had been non-coupling, each fourth modes, respectively. There is also a

curve of the co-quad plot would be an arc of a false mode crossing at 44.524 rad/sec. It is
perfect circle centered on the imaginary axis characteristic of lightly damped structures
with its highest point passin through the that good mode crossings have steep slopes and
origin (Kennedy and Pancu [11]). But coupling false mode crossings have relatively gentle
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slopes. Hence, with the use of a determinant p.

plot, distinguishing between good and false ." -"
mode indications is usually a very easy matter. 1. .

Figures 3b, c show clearly that this det
c*] curve misses the third and fifth modes. A m
But note that the curve has a relatively steep
slope in the neighborhood of the natural fre-
quency of each missed mode. This is another U ..- "
useful characteristic for lightly damped struc-
tures from which one can infer the presence of
a mode even though there is no zero crossing.

* Figure 5 is an example of the excellent
tuning with incomplete excitation often pro-
vided by Asher's method. This tuning cor- L.
responds to the fourth-mode zero crossing at
55.327 rad/sec on Figures 3a, c for masses 17 :-
-and 5 forced. The 5 x I vector * on this Fig. 6 Determinant plots for complete and in-

figure Is derived from the 2x I r* vector, with complete excitation of model 5V ,,

zeros added for the unforced masses.
Im (X )

I ~ ~ ~ ~ R I X--- I

-c I

5T6 -0.3261

0.0O. 4

-_. a. 321 I iom .-

X4 .1. ODD ,4,.5

" o~~ Central Frequency: 55.409 radlsc .. =:.:o Centrl Fruency: 5.40 rI/ecFunyIe t
" A Zero-Crong frbeumny f dlt [c°]o Cen327l Frequency .Inr 5.0 radsec

Frq;uency Increment: 0. 150 rad/eW Response Scale: 2.28 1040 N per division
Rsn~s@ Sale: 1.43TM (0. 25 Ln )per division l

Fig. 7 Perfect tuning with complete excita-
tion: co-quad plot for the fourth

Fig. 5 Excellent tuning with incomplete exci- mode of model 5V with all masses
tation: co-quad plot for the fourth
mode of model 5H with masses 1 and 5 forced in a 3 rad/sec narrow-band
forced in a 3 rad/sec narrow-band sine sine sweep
sweep Figure 8. That response clearly bears no re-

4 Coincident-response determinant curves for semblance to a mode.model 5V are shown on Figure 6. For comparison~i"""
with model 5H response on Figure 4, the force- Good but not excellent tuning of the third ....

amplitude distribution and narrow-band response mode of model 5V with incomplete excitation is
ampltud disribtio andnarow-and espnse illustrated by the co-quad curves of Figure 9.

for perfect tuning of the fourth mode of model
5V are shown on Figure 7. Greater coupling is This tuning corresponds to the 53.395 rad/sec5Vae hwno igr 7 retrcopin s zero crossing on Figure 6 for masses 1, 3 and ",.-'
evident between the third and fourth modes of z os n es ,
model 5V because the appropriate damping cou- 5 forced.

4 pling element is 0.3, twice that of model 5H. Mode shapes 2,4 and 5 of model 11H list- "(

For masses 1, 3 and 5 excited, Figure 6 ed on Table 2 have many node points on or near
exhibits a false mode crossing at 44.764 rad/ degrees of freedom. Hence, this model is use-
sec. The co-quad curves for a narrow-band ful for simulating the consequences of position-
sweep about that frequency with the appropri- ing shakers in nodal regions. Coincident-
ate force-amplitude distribution are shown in response determinant curves for model 11H are
atoshown on Figure 10 for three different shaker %
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configurations.

- /I .e. I iR X) orc- ..Masses 1, 3. 5 forcdu

i 3~t

-------------------
F-1. ODD

0.00
'" ".' ~-LO I

O8.D 10.1 13.66 16.90 19.33 22.16 3.10

-' Fig. 10 Determinant plots for complete and in-
complete excitation of model llH. The
frequency range of this graph excludes

oCenralFrequency: 44.74 rad/5c the first natural frequency.
Freluency Incron 0.45 rfq/snc

R-sense Scale: 0. 6-(.000n)Wediision (but still indicates their presence) and has a
N- crossing at frequency 8.868 corresponding to~mode 2 which one would normally dismiss as a

Fig. 8 Attempted tuning of a false mode: co- m 2 h o u ray i s
quad plot for model 5V with asses 1, false mode crossing due to its gentle slope.

. 5The dominant responses in the narrow-band sweep
3, 5 forced in a narrow-band sine sweep associated with the 8.868 crossing are shown on~~~~~~Responses of masses 2 and 4 are far off asoitdwtth8.8crsngreswnn..
scale. Figure 11. The presence of a mode is evident

in that co-quad plot, but tuning is clearly

very poor.

Im(IIm(X I

" IRe(Xi

c -.10

4  0.0. Re (X-)
F% '0.913' I e

LO.4 n 5

-0.3981
-0.064

'V' -.643.
0.1L I3 I. o Centrl Frquency: IL86W

Central-0 1reue3y 5339 -a/e Frequency Increment: 0.02
o Cntrl Fequncy 53395rodsec 51R"esas Scale: 0. 02 pr ivision

Frequency I ncrement: 0. 25 rad/sec4 n Fig. 11 Poor tuning with incomplete excitation:

* Response Scale: 1. 14 .-" 2 ) per division co-quad plot for the second mode of
model 11H with masses 1, 3, 5 forced

, Fig. 9 Good tuning with incomplete excitation: in a narrow-band sine sweep
* co-quad plot for the third mode of When another exciter is added at mass 7,

model 5V with masses 1, 3, 5 forced in a good crossing results for mode 4, from which" a 3 rad/sec narrow-band sine sweep ago rsigrslsfrmd ,fo hc
a3rdscnro-adsnsweone can obtain excellent tuning. On the other

Masses 1, 3 and 5 are essentially node hand, mode 2 is missed entirely, even though

p t o o 24 d ti o u s its mode shape has a large component at mass 7..e, points for modes 2, 4 and 5. It is not surpris- Mode 5 is also missed, but this is to be eX-_'.'
ing, therefore, that excitation at those masses Mod 5i al mi tti is o be cx-
only results in a determinant curve which lacks pected since all excitation Is In nodal regions.
zero crossings corresponding to modes 4 and 5
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By comparing missed modes on the determi-
nant plots of Figure 3b and 10 with the associ- - "_" "-%"
ated mode shapes listed in Tables 1 and 2, we
may infer the following rule of thumb: the
presence of an obvious missed mode on a deter-
minant plot indicates that the mode cannot be
tuned with the given shakers (at least not in
accordance with Asher's method) because too
many of the shakers are positioned in nodal
regions. Upon encountering such a situation 0
in modal testing, one would be well advised to "
try a different shaker configuration. It ap-
pears that having some shakers in nodal regions 0' (15
may be helpful, or at least not harmful, for
tuning, but clearly there must also be other
shakers in regions of appreciable motion. - 5.00 . 3 5 5

5Ao 15.00 25. W 35.oDD 45.00 55.00 65.0
A circumstance not illustrated by our ur adlct,

examples but which occurs occasionally is shown -.: .
on Figure 12. Fig. 13 Variation of determinant plots with

damping level for model 5V with
r = 0.025 and 0.05 in all modes

limitations. Another possible source of failure
in applications is numerical inaccuracy in solu-
tions of equations (16a, b). Accurate solution
of equation (16b) for r* is easy provided that

[C*1 is indeed singular. Hence, it is essen-0 tial to be able to determine the value of
frequency w' for which D = det [C*] = 0 and,

a wb furthermore, to have accurate values for each
element of [C*(w')]. Our experience has been

Fig. 12 Typical Door zero crossing that errors in w' root solutions are amplified
in the corresponding r* solutions.

The determinant curve will have a zero crossingat waI which from the curve shape is obviously If transfer function data is available in
at equation form, as in a numerical simulation,

different than the natural frequency wb" The then accurate solution is relatively easy. We

force-amplitude vector resulting from the cross- have employed Newton's iterative method in the
ings at wa will probably provide rather poor approximate form

tuning. Again, a different shaker configura- W! - W!
tion may be required. W!+l W , 1  - 1 (24)

Finally, we note that higher structural
damping manifests itself on coincident-response The accuracy afforded by this equation in our
determinant plots in the form of gentler zero- application is limited only by computer pre-
crossing slopes, as illustrated by Figure 13. cision.
As a consequence, it may be difficult to dis-
tinguish between good and false mode crossings On the other hand, if transfer function
on the determinant plot for a heavily damped data is available only at discrete frequencies,
structure. then equation (24) is not immediately applica-

ble. There are at least two approaches, inter-
polation and curve fitting, that might be used

VI. NOTES ON APPLICATION OF ASHER'S METHOD in this circumstance.

For determinant evaluation, we have found 1. Interpolation. In this case, one should
the method of Crout (Hildebrand [20]), which have available a graphics output display
employs triangular matrix decomposition, to be of the determinant plot, such as those
quite satisfactory. The algorithm is easily reproduced in the paper by Stroud et al
programmed, and execution is fast for determi- [51. In the neighborhood of the zer 0
nants of order ten or smaller, crossing, that plot should resemble Figure

14. An interpolation equation should be
The usefulness of Asher's method is de- developed for each transfer function usinq

pendent in part upon how well the calculated the appropriate number of data points sur-
force-amplitude distributions are able to tune rounding the determinant zero crossing, e.q.,
modes. As discussed in Section V, the method two points for linear or four point for
itself fails in some cases due to its intrinsic cubic interpolation. With the use of the
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4' that the frequency resolution of [H e()] is

0 sufficiently fine to provide several points in

0 the narrow band, or that each element of [He().

is represented continuously by a curve-fit
0 equation. If the test specimen behaves linear-

0 ly, then all of the information that one might
* . 0 0 wish to determine about the k sensor responses
V from a multiple-shaker sine sweep or dwell is

0 already contained in [H (w)]. So a multiple- .
e

shaker test is, in fact, redundant unless one
wishes to determine additional information not . 4 .'.
available from the k sensors, such as an accu-

Fig. 14 Typical determinant plot at discrete rate map of nodal regions.
frequencies near a zero crossing

interpolation equations, equation (24) may VII. CONCLUDING REMARKS
now be applied to determine the crossing
frequency wl, and subsequently [C(w')] may Asher's method for modal testing by
be calculated. This approach should give multiple-shaker sinusoidal excitation has been
good results if measured data is relatively described in detail. Modal testing has been
clean; however, less satisfactory results simulated numerically on mathematical struc- 0

V can be expected for noisy data in the tural models to illustrate the types of results
vicinity of the zero crossing, that can be expected in practice. These re-

sul ts demonstrate that the method may succeed
2. Curve Fitting. There are several methods or it may fail depending, evidently, on the ' -

for fitting transfer function data, even number and locations of exciters. Finally,
noisy data, to analytical equations. After numerical techniques required for implementa- '
all elements of [C*(w)] have been fit to tion of Asher's method have been discussed,
equations, then equation (24) may be ap- and a numerical alternative to actual multiple- O
plied to calculate zero-crossing informa- shaker mechanical tuning has been suggested.
tion. This approach obviously requires
accurate curve fitting in the vicinity of In view of the existence of efficient
modes. modern methods for characterizing structural

modes by curve fitting of transfer function
As is discussed in Section III, a narrow- data, it might be contended that multiple-

band sine sweep in the tuning step of Asher's shaker tuning is no longer necessary. This is
method is preferable to a sine dwell. However, a reasonable contention only if modal density
in a multiple-shaker sine sweep it is very is low. As stated by Hamma et al [6] in their
difficult, due to interaction of specimen and concluding remarks, curve fitting in frequency
shaker dynamics, to maintain constant ampli- regions of high modal density can lead to in- , -
tudes and phases of shaker force outputs. In consistent results. All curve-fit methods are
view of this difficulty imPosed by equipment based upon specific analytical models, all re-

. performance, an acceptable alternative to quire an estimate of the number of participat-
actual mechanical tuning may be numerically ing modes, and most require at least initial
simulated tuning with the use of experimental estimates of some modal parameters. Hence,
transfer function data and the excitation dis- curve fitting is to some extent a subjective
tribution calculated by Asher's method. For process, and for closely spaced modes it might
example, if k fixed motion sensors and m exciter lead to incorrect modal parameters or it might
locations are available on the specimen for a even miss modes. Clearly, the most important
modal test, then one can measure with single- application of multiple-shaker testing by r.-e
point excitation the corresponding k x m Asher's method is in separating closely spaced

experimental transfer function matrix [He()]. modes which cannot be adequately characterized
Square sub-matrices of the real part of by curve-fit methods.
[He( )) are evaluated by Asher's method to -x
determine each test natural frequency wj and ACKNOWLEDGM1ENTS
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D MODAL CONFIDENCE FACTOR IN VIBRATION TESTING*

" , ~Sam R. Ibrahim":'''

Department of Mechanical Engineering and Mechanics
Old Dominion University, Norfolk, VA

The "Modal Confidence Factor", "MCF", is a number calculated for
every identified mode for a structure under test. The MCF varies -.
from 0.00 for a distorted, nonlinear, or noise mode to 100.0 for a pure
structural mode. The theory of the MCF is based on the correlation
that exists between the modal deflection at a certain station and the
modal deflection at the same station delayed in time. The theory and
application of the MCF is illustrated by two experiments. The first
experiment deals with simulated responses from a two degree of
freedom system with 20%, 40%, and 100% noise added. The second
experiment was run on a generalized payload model. The free decay
response from the payload model contained about 22%k noise. .-.

INTRODUCTION factor computed for every identified mode and
this factor should be unity for any linear

In modal vibration testing of complex structural mode. Using this MCF, the clean
structures, there exists some level of uncer- structural modes can be separated from noise " -'
tainties as to the identified modal parameters modes without leaving much chance for per-

-" in spite of the method of technique used to sonal judgement.
* extract these modes. These uncertainties

arise due to nonlinearity of structure under The theory of the MCF is based on using
test, high coupling between closely spaced the response of a station on the structure under
modes and or high levels of noise in the data test, x(t), and the same response delayed AT,

. used. x(t + AT), (a transformed station), in the iden-
-'. tification program. For every identified mode, :- .

The theory and applications of a "time the MCF is calculated as function of the modal ..
domain" modal test technique were presented deflections at the original station and the '*
in [11, [2] and [31. The method uses free transformed station, the frequently and damp- .-. '.
decay or, (4], random responses from a struc- ing for that mode and the delay time AT.
ture under test to identify its modal character-
istics namely, natural frequencies, damping Simulated and experimental results are
factors and mode shapes. The method was reported in support of the MCF theory devel-
proved to be accurate, economical and insen- oped in this paper.
sitive to high levels of noise in the data. :.
Furthermore the method can identify multi- It is important to note that although the -
modal (highly coupled) systems and modes that MCF is developed to be used in conjunctionhave very small contribution in the responses. with the "time domain" identification technique,

the same concept can be adapted for use with
-In [ 31, a method is presented to decrease other vibration identification techniques.

the effects of high levels of noise in the data ,
and thus improve the accuracy of identified
parameters. This is done by using an over- BACKGROUND
sized mathematical model. If the responses
to be used are thought to have m number of 1. Time Domain Identification Technique:
modes, a math model to identify (m + n) modes
is used. This gives n exits for noise and the This technique is fully described in [2] and
m modes can be identified more accurately. [3]. It uses the free responses, (free decay),7."of a structure under test to identify its vibra-

In this paper, the concept of Modal Confi- tion parameters; namely frequencies, damping .
dence Factor (MCF) is developed. MCF is a factors, and model vectors in complex form.

*This work is supported by NASA' s Langley Grant No. NSGI459.
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From the measured free responses of n stations on a structure and m is number of
stations on a structure under test, and assum- modes in the response, the response at p
ing that the responses contain n modes, a assumed stations can take the form of
matrix [A] is formed such that x(t + AT). This can be shown by writing the

response at time tj as,t JlrItxf -1
[A] = [J Yj (1) 2m A ..(.)_1Z 1 [ Jx (tJ) : R ik , e (3 ) . -.'

w he re , =,

xij = xi (tj) and at time (tj + AT)

Yij = xi (tj + At)

2mzij = xi (tj + 2At) t A A tiTR i e ' e 'J (4).-.
, = 1, n and j = 1, 2n. i (4

The eigen vectors of the [Al matrix are where R i is a constant associated with modal
the modal vectors and the eigen values, Gi, vector fi and Xi is the ith characteristic root.
are related to the characteristic roots, Xi, of The two responses of equations (3) and (4) can
the system through the equation be written as

Se Xi At (2)K orJ 2m f iXtV
This technique was originally developed R i  e (5)

; c i= 1 ' ""

such that for unique identification the order of 
"the matrix [A] should be equal to twice the J,number of modes excited in the measured

response vector x where

presIn case of noisy data, two methods were
presented in [31 to reduce the effect of noise - it
on identified parameters. One of these ie i (6)

methods was to use a mathematical model of
order higher than the number of modes
excited in the responses used for identifica- Equation (5) may be considered to be the
tion. The difference between the order of the response vector for a system with 2p stations
mathematical model and the number of modes and m modes. This procedure can be repeated
in the responses is merely an exit for the to increase the apparent number of stations
noise in the data. Using an oversized math to 3p, 4p, ... etc.
model was proven to be very effective in
reducing the effect of high levels of noise on
identified parameters. THEORY OF THE MODAL CONFIDENCE-.-, F A C T O R"
2. Transformed Stations )t

In a typical modal testing of a structure,
The time domain identification technique if x(t) is te measured free responses from

was developed to use the minimum amount of sttion on the structure under test, new re-

measuring channels. Any structure however sponses i(t) = E(t+A),!t=!(+20

complex can be identified using only two etc. will be generated to increase the apparentmeasuring stations at a time with one station number of stations to be used in the identifica-kept as a reference station all the times. numbrogra.Due to this, a situation will arise when the tion program.

number of modes excited in the measured To caclt th "AF o aseii

responses is greater than the number of To calculate the MC" for a specific
measuring stations. In such a case, it is not mode, one of the structure' a stations will be .,9
necessary to physically add measurement arbitrarily specified together with the same . -

equipment and repeat the experiment; it is ident yed itimeedchaaactic root for the mode, Qssible to use "assumed stations" for which identified ha act ect t the o en

re pnsesare enerted singtheis the identified modal deflection at the chosen .

the responses are generated using the structure' a station, and Q to the identified "A '

response of the original, or real, stations. dflct ae s station detfedIndeed, if x(t) is the response of the p real modal deflection at the same station delayed
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AT, these quantities can be used to calculate Sixteen accelerometers were fixed to the eight
the "MCF" for the mode under consideration. bulkheads; eight accelerometers on each side,

'  From the theory of transformed stations Fig. 3. Two data groups were used. Data
discussed in the preceeding section, the modal group one had accelerometers 1 to 8. Data
deflection expected at the transformed station group two had accelerometers 9 to 16 and
should be: accelerometers 9 to 16 and accelerometer 8 as

a common accelerometer for the two data

, X Ae T roups. A random input was applied at station
=td e The input was cut off and free responsesexpece from data group one were recorded on a tape

recorder. The procedure was repeated for

if the identified mode is a clean linear data group two. A two-way switch was used to

structural mode Q should be equal to cut off the random input and at same time

Generally, generate a D.C. signal of about 1 volt. The -
-expected. start of the D.C. signal, recorded on a separate

channel of the tape recorder, was used to .'.
determine the start of the free response. . .- ..

The free responses were filtered to elimi- ..-
fm hhheaofte C wib nate frequency components higher than 350 Hz
from which the equation for the "MCF" will be and then digitized at a sampling rate of 2000

sample/second. Only 500 points for each
channel were stored to be used as data for the

Cx - identification program. This corresponds to
(MCF) =x 100 i > Qexpected a record length of 0.25 second.

The noise/signal ratio for the resulting
100 =expecte0  data was estimated at about 22%. This esti-xpecte' xpected > Q. mate was based on comparing two responses " "-

Qexpected from station 8 that were recorded simulta-
neously on two channels of the tape recorder.
The root mean square of the two records, rms....,,.1*

EXPERIMENTAL RESULTS and RMS, were calculated and the noise/signal• ". ,"ratio was estimated using the following

1. Simulated Experiment On A Two-Degree- formula:.
ox-Freedom System. • w'-i.. .-

\/(I - ms)2  • .

Free decay responses from the system N/S = (RMs rms)2

shown in Fig. 1 were simulated on the RMSxrms
CDC-6600 computer. Generated random num-
bers were added to the responses as noise. Higher order response vectors were gen-
Three different noise levels were added suchthattheroo mea sqarevalus o nose/erated by delaying the responses of the original
that17 stations 0.005 seconds and 0.01 seconds thus noisignal ratio were 20%, 40%, and 100%. Fig. 2 17 sttos000 eod-ad00 ecnstu
signa rtiore 2eca, 4esponses and %. .2 having the apparent number of stations to be 51.
shows the free decay responses xl(t) and x2(t) These responses were used as data for the
without noise and with three different levels of time domain identification program. Three
noise added. cases were studied for each of which the size .--

of the mathematical model was different. MathThe responses were used to identify the model of 20, 30, and 40 degrees of freedom
modal parameters of the system using the time w od al haraerits wreen-,"
domain technique described in [31. Different tified together with the "MCF" for each mode.
ordersTable 3 lists the "MCF" for the three cases.
Math models of 2, 4, 6, 8 and 10 degrees of In all the cases the "MCF" was consistantly
freedom were used. The "1MCF"1 for different I l h ae h MF1wscnitnl
caeso ws calculed. Rhesults ar" sriedt high for the first 11 modes and very low for the Ocases was calculated. Results are summarized F
in Tables 1 and 2. In Table 1 the "MCF" for rest of the modes indicating 11 modes excited .

the first two modes, the real system' s modes, in the responses used. Table 4 lists the iden-

is quite high. For the rest of the modes "MCF" tified frequencies from the time domain tech- ,.'-
is low indicating non-structural modes or noise nique together with frequencies identified using .
modes. The identified frequencies and damp- frequency sweep, "NASTRAN", and "FFT".
ing factors are listed in Table 2 together with
the percentage error. The errors in the iden- CONCLUSIONS ,O
tiffed parameters are much lower that the
percentage of noise in the responses used for The modal confidence factor "MCF" is a .

idenifiatio evn inthecaseof 00~? nose.very powerful tool in the identification of modal
characteristics of structures. It is specially

2. Generalized Payload Model useful when the data used has high levels of
The payload model is shown in Fig. 3. noise. The "MCF" can differentiate between a..

67 b.
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real structural mode and a noise mode. 2. SR. Ibrahim, and E.C. Mikulcik, "The
Experimental Determination of Vibration
Parameters from the Free Responses,"
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MODES. NO O.ODSNO., OESN. F.OE
~~TABLE 1. "MCF" FOR THE TWO-DEGREE-OF-FREEDOM SYSTEM :

__ __ __ __ __ _MCF __'-_"-____

NO. 20% NOISE 40% NOISE 100% NOISE"""-
MODES NO. OF MODES __NO. OF MODES ___NO. OF MODES

4 6 8 10 4 6 8 10 10

1 90.0 98.3 98.7 99.6 81.7 93.7 96.4 97.7 89.9

2 96.7 96.4 96.3 92.3 98.0 93.6 97.1 89.6 70.4
3 32.0 24.2 26.0 20.4 30.8 24.5 25.5 21.5 19.6

4 8.2 15.0 6.0 45.2 5.6 16.5 5.1 44.0 22.0

5 10.6 10.4 17.8 14.6 10.3 16.2 38.9

6 0.2 8.6 17.5 4.0 9.2 16.3 8.2

7 4.6 7.1 4.4 6.6 7.1 .

8 3.6 8.7 3.3 8.8 12.0

9 8.9 7.4 1.6 .

10 0.1 0.1 3.0

%S.. %

.. 1
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TABLE 2. IDENTIFIED FREQUENCIES AND DAMPING FACTOR FOR THE
TWO-DEGREE-OF- FREEDOM SYSTEM

THEORETICAL 20% NOISE 40% NOISE 1100%

PARAMETER NUMBER OF MODES ASSUMED

2 4 6 8 10 4 6 8 10 10
f 9.86 9.87 9.85 9.86 9.86 9.88 9.85 9.87 9.86 9.87

% ERROR 0.1 0.1 0.0 0.0 0.2 0.1 0.1 0.0 1.1

A 6.2 5.9 6.4 6.3 6.4 6.0 6.8 7.0 6.8 9.7

% ERROR 4.8 3.0 2.0 3.0 3.0 10.0 13.0 10.0 58.0

f 13.79 13.68 14.09 13.78 13.79 13.60 14.36 13.82 13.9 14.38
2.- ,

% ERROR - 0.8 2.0 0.1 0.0 1.4 4.1 0.2 0.8 4.3

A 13.2 14.4 13.2 13.4 13.4 16.90 12.8 14.3 14.2 16.6

% ERROR - 9.8 0.0 1.5 1.5 28.0 3.0 8.3 7.6 25.8

Z
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TABLE 3. "MCF' FOR PAYLOAD MODEL

_______ MCF _______

20 MODES 30 MODES 40 MODES

v x I/ X /_X
1 93.5 0.0 97.5 0.0 0.0 97.7 0.0 0.0 11.6

2 98.3 0.0 98.2 0.0 0.0 98.2 0.0 0.1 9.6

3 97.8 0.0 99.2 0.0 0.2 99.8 0.0 0.1 18.6
498.2 0.0 98.6 0.0 2.5 I 85 00 05 12.3

5 94.8 0.0 97.0 0.0 7.5 97.8 0.0 0.2 25.3

6 94.0 0.0 96.1 0.0 3.9 96.5 0.0 0.4 72.9

7 81.0 0.2 88.9 0.0 19.5 87.3 0.0 1.3 79.2 -0

8 96.2 1.6 99.6 0.0 63.4 99.0 0.0 0.6

9 75.6 31.2 89.0 0.0 92.0 0.0 1.6

10 92.9 930 0.0 93.1 0.0 3.4

11 97.9 980 3.0 97.9 0.0 3.3

GOOD MODE
X BAD MODE OR NOISE

0 0

Irv
% Am...
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< . ~TABLE 4. IDENTIFIED FREQUENC IES FOR THE PAYLOAD MODEL.-..

"'-' TIME DOMAIN "
MOE3 0 FREQUENCY ,"NASTRANO "FFT"

D.O.F. D.O.F. D.O.F. SE

1 74.2 74.2 74.1 74.6 73.4 74.1

2 78.7 78.7 78.7 79.7 80.1 78.8

3 119.9 119.8 119.8 120.7 117.3 119.6

4 156.6 156.6 156.6 158.5 158.9 156.5

5 162.1 161.9 161.9 163.1 159.9 161.6

6 216.0 216.4 216.4 219.2 218.6 216.5

7 245.4 245.4 245.2 246.7 244.6 245.0

8 258.9 259.2 259.3 7 253.1 259.0

9 260.1 260.6 261.0 263.7 261.0

10 280.9 280.9 280.9 283.7 283.0 281.0

11 325.3 325.3 325.3 325.0 325.0

74 55~~
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DISCUSSION

Voice: Isn't a factor a function of the
delta T that you use in your formula?

Hr. Ibrahim: It is a function of delta T. 0

Voice: What delta T did you use?

Hr. Ibrahim: In delaying the response?

Voice: Yes.

Mr. Ibrahim: There are no constraints on the

delta T that you use to delay your station. .7

Voice: Don't you have to use a number to do it?
-- Don't you have to use a delta T in order to
' use the technique?

Mr. Ibrahim: Yes, I use it but there is no
constraint on it. If your sampling frequency,

, or the time between two samples, is one
millisecond you can delay your response three

*,' samples, five samples, or ten samples and use ,

the same time. You will use a delta T of
three thousandths, five thousandths, or ten .

thousandths. I tried using different delta . o
- T's and they gave me modal confidence factors

of 97.6, 98.2, or 93.5. It is a function of
the delta T. You use the delta T to get the
"mcf", but there is no constraint on delta : "-: ".

.T.
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A BUILDING BLOCK APPROACH TO THE DYNAMIC BEHAVIOR OF COMPLEX STRUCTURES

USING EXPERIMENTAL AND ANALYTICAL MODAL MODELING TECHNIQUES

J.C. Cromer, M. Lalanne
Institut National des Sciences Appliqu~es

Vi leurbanne, France 0

D. Bonnecase, L. Gaudriot

M~travi b
69130 Ecully - France

In the case of complex structures whose equations of motion cannot be obtai-
ned directly, even by finite element techniques, it may be possible to get their .
potential and kinetic energies from experiments. A building block approach taking
into account constrained or unconstrained substructures is used. Components whose
properties are determined by experiments are connected to those modeled by finite -. ',
element techniques. In connection with theoretical formulations, experimental de-
vices and procedures are presented. A new transfer function analyser system has
been used. The constrained and unconstrained modal methods are applied first to a
beam in bending in order to point out the experimental aspects of these techniques.
The methods are then applied to a complex practical structure and agreement bet-
ween experimental and theoretical results is shown to be good.

INTRODUCTION Although the constrained modal method has

The formulation of the equations of motion already been presented I91, a synthesis of the
is an important step in the dynamic analysis of theoretical formulation of both methods is pre-

is sented in the paper. Here experimental aspects -
structural systems. In the case of undamped and i n re p oitedu experimental
structures, mass and stiffness matrices are nee- and limitations are pointed out, experimental

' ded. This is sometimes achieved by calculations devices and procedures are developed. Results
uigiielmntcnusare given for a cantilever beam in bending in

order to evaluate the experimental aspects of
In the case of complex structures where these modal techniques.

dynamic modeling of the whole structure is im- Both methods have been tested on an indus-
possible by a classical analytical approach, or trial structure consisting of an horizontal

generally a finite element approach, the global
potential and kinetic energies may be obtained plate (theoretically determined substructure) -- ..

using a building block approach 161. The struc- fixed on a foundation, to which a vertical cy-linder is connected (experimentally determined
ture is divided into interconnected components, substructure).
Each of these can be analysed using either an
analytical model or an experimental test proce- SUBSTRUCTURE ANALYSIS AND DYNAMIC COUPLING 6
dure. By appropriate coupling the dynamic cha---
racteristics of each component, the kinetic and Finite element analysis

.' potential strain energies of the global struc-
"- -ture is set up. Application of Lagrange's equa- T m o a r n i m ft*

tion leads then to the differential equation substructures and can be easily extended to many . .,

system that can be used to predict the dynami- components.

cal behavior of the structure.

Experimentally determined components are 4 S E A -
obtained according to a general method developed 60 ssi 6SSi2
by Klosterman 11, ..., 151. Throughout the ex- .. "
periments, components can be clamped (constrai- ,
ned modal methods) or free at t~e connection 6c1,2 6c21
(unconstrained modal method).

Fig. 1 Structure decomposition

77

77 7 ,,-,/-..
................................. ,. *



Let the degrees of freedom at the points -..%
of connection of the two components SS1 and SS2 2 (7)
16be designated by the two vectors i6 and (7)

be des ie the two vectors 16. fA~d 16. j 2 *M*2  0 0 -
SarJ2 te others degrees of freedom16f SS 21 %.

SS2 respectively. Let us suppose that SS1 is t
analysed by finite elements and that T1 and U1  lt = 0 (8) •
are respectively the kinetic and potential ener- t. 0 (in general)
gy of this substructure.

From a classical finite element represen- Then the M mass matrix can have off
tation of SS1 diagonal terms. (2)'The rigid body modes are

t2 mcc, mci (CI, 2  orthogonal if they are expressed using the prin-
""c,2 t m i mci, 61,2cipal inertia axis at the center of gravity of

2T,= • (1) structure 181, 1101. -O
6. mi 1  min,1  6. The total kinetic and potential energies
ii- are

2T = 2T, + 2T 2:" "t "c..l
6C1,2 ~ .cc, i,1 C192 2U = 2U, + 2U2

2U1 = (2) .,

6. k. ki. 6 and because of the condition at the connecting
ii ic,i 11,1 11 points:m= 6 = , I ,lI~ (g.5'

A finite element representation of SS2 
6C1,2 c2,1 1C '(2) (')

whould be similar but, if we suppose, that only
"- experimental tests can be performed to charac- T and U become-

terize SS2, the finite element expression of T2  t t +"
- and U2 will be transformed, using a modal basis Y(2) c mcc, 1 c M+ (2), C -ci-

where all formulations are expressed in terms 2T .- -------------
of experimental data.

.54 Unconstrained modal method ii ici c Miii

If SS2 is experimentally tested free at the (10)
connection modes, the modal basis used is Y"2)

*6 Y15
,pC2,1 Y26.i= ((2) I = I*,€ ..... nI Y61

Y2 11

tCe 

(ir 
sc mod e2), of ibcirat

Using (3) (1) and (2)become(3) 2U.,:':0, I ii kic,l I *c ki","

iThe matrix os is composed of the "n" firstfa
ei envectors used for the representation of SS2. y2) 1LM includes rigid body modes if they exist and ( "

assothe first elastic modes of vibration.

mdlcUsing (3) : (v) and (2) becomem .....
""2T2 12)tIM t_1 (2 (4) From Lagrange' s equa ti ons, di fferentia

.". " = I(2 )  I H() I' (2) equation systems of the structures is easy to '

fheyr mobtain If they are no external forces:

2Ufor example two ( - 0, 2 - 0) the orthogona- t

IY(2) (2),1-1Y(2)1 1 t.k M

lity condlos are : c(2), c 'l (2)

V'it.K. = 0 0
#.0 (6) F "i"--"c

and it.Mes marie asoitdt0h

['")1 kt c, I*c I kii,i !i, /";" "

• (6) --. -- ----.. ,T- --
01 M.*, , kki.,

0
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Then the first component is described by a
finite element method, the second component is t (2)t
described from experimental tests : modal masses Y(2 ) K_ R (
and stiffnesses and corresponding eigenvectors 2U = R K+R(2)K -k -I
of SS2 tested free at the connection nodes. cl,2 (2) (2) Y

Constrained modal method 6i2 k.0
ic,I

This method has been presented previously
171, 191 and thus will be presented briefly* SS2 Y I 2)
is clamped at the connection nodes. One has :.... (20)

":I k i lC , 1(20 ) -, -; -
1 0ci ,I C

- (13) kii'lI AiO

6i2 i(2) Y(2) If the mass at the connection nodes of SS2

If the masses at the connection nodes are neglec- has to be used it can be taken in account by
ted the kinetic energy of SS2 is mcc, 2.

t Then the first component is described by a2T2 : Iy( 2 ) t  ,i1lt-mii 21. Yii.IY(2)l (14) finite element method the second component is
2T2 = " t (15) described from experimental tests : modal masses,

2 M(2) (2) stiffness, forces and corresponding eigenvectors

and the potential strain energy is of SS2 tested clamped at the connecting nodes. .

In the two methods the rass and stiffness
6C2 I t k ". i 6 matrices are expressed in a standard form used
C2,1 cc,2 Ci,2 1 C2 by most of the finite element computer programs.

2U2  . • (16) -S"

tk EXPERIMENTAL ASPECTS AND LIMITATIONS
Y( 2 ) i C,2K (2) Y(2) Unconstrained modal method .

Modal forces IR I2) at the constrained nodes of The experimentally determined modal para-
SS2 are given b' meters are.

wi, natural frequencies
Ci, 2*)IY( 2) (2)I*Iy(2) 1 i, mode shape of the component .-.- '-.,.

Mi , modal mass.
and kcc,2 can be expressed in form of : If often occurs that the connection area is S

-1 free and thus free-free experimental tests haveit
Ik I I I I 1 IR,2  (18) to be made. This is not always possible in fact

but this method is very well adapted for light "-'\ .
structures which belong for example to many of ..

Where IKI is a supplementary stiffness the aeronautical structures. Amongst the diffi- ,
matrix, experimentally determined if the set of culties that have to be considered let us men-
connection nodes is a redundant one,
(IK*116CI,2 1 = IFc), other wise FKF=O, 7. tion : rigid body mode determination.

The rigid body modes may be calculated, but
As for the unconstrained modal method, T they can also be determined experimentally.-

and U for the global structure are obtained and Knowing the effective mass and the center of gra-
) t IM vity of the substructure a well chosenbet of

(2), very low frequencies response leads, through an

2T = C, 6---- - -- --- -------- identification technique, to the required modal
c,2 "m +m m parameters of those constrained rigid body modes.cc, cc,2 mci,i 81. For diagonal modal matrices the axes are S

Si mi . m1 1  the principal inertia axes, at the center of
"cl imi l I gravity.

If the excitation direction is not straighttowards the center of gravity, undesirable mo-

6c (19) ments are perturbing the force measuring link.
Several solutions have been successfully tested :

6. introduction of a steel rod between excitation
and structure (push-rod) or constrained steel rod
sunken in a polymer sleeve 8. .,

The discontinuity of the stiffness between
the connecting area and the inner part of the
components (for example low rigitr *y of machine-
ry connecting pads) may be very large. In the

* 79 -
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dynamical behavior of the component alone these is a limitation of the constrained modal method.
areas have very large amplitudes compared with The constrained boundary conditions are no more
the main part. These mode shapes singularities existing. The dynamic behavior of the component
are not adapted to experimental measurements. is related to the foundation. One of our future
The modal basis is composed of a large number of work will be to determine how to use identified
undesired natural modes (for example pads in data of a component, coupled to an active foun-
phase or out of phase) which are of no interest dation, whose dynamic characteristics (component
in the global behavior. In general the connec- + foundation) have been previously determined.
tion of the components gives a high stiffness

. in this area. Experimental devices and procedures
Measurement techniques and experiments

Constrained modal method have been developped by METRAVIB. The experimen-
- The experimentally modal parameters are tal approach is based upon the concept of a

ad p., M as in the unconstrained modal method single shaker impedance technique. A general
a., also R. modal forces. Here the component equipement has been developed : the "1191 Vibra- -
has to be clamped at the connection nodes during tion Measurement and Analysis System". A trans-
the experimental tests. Two main difficulties fer function analyser (Solartron) is associated
have to be considered to a mini computer (PDP 11/05 Digital Equipment)

In the constrained area modal forces and figure 2. .. .

moments related to the degrees of freedom of the The mechanical transfer functions (X/F) are
connecting nodes (displacements or rotations) obtained and identified to an analytical deve-
are not well experimentally determined. In fact, loppement. The mini-calculator leads then to
for most industrial structures, a good set of the best values of the required modal parame-
constrained modal forces without any measurement ters, (figure 3).
of moments, leads to a satisfactory dynamic be- Natural frequencies, damping coefficient,
havior of the global structure. In our tests
force measuring links are located in ball joints otied
to cancel the unwanted effect of moments.

The problem of interaction between support This equipement has been tested on several

and substructures, common to heavy structures, industrialof thecomplex structures. The experimentahis

paper were obtained likewise, (figure 4).

l '-"force
,""-" shaker Istructure ..=.

acceleration

,.",power scnn'er -
-. _,. ~ ~~amplifier IJ'" ""

charge amplifier
mass cancelation -

-I-I ( . J I :
•I

I _"_____ transfer function
-"I analyser

1172 solartron I

="I minicomputer i

tape P. P. 11 visual display I6~~a tap unnit' -'-

digital equipment unit

peripherals -

- printer

- plotter

..disc

Fig. 2 1191 Vibration Measurement and Analysis System
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NUMERICAL CONSIDERATIONS The accuraty of the description of the dy-

Two general programs have been developed namic behaviour of the complete structure (S51

using the Klosterman's building block approach + SS2) is good for both methods (table 1 and 2).
experimental constrained and unconstrained The influence of each mode in the modal basismodal representations of components is shown (effect of even or uneven modes of SS2)

and all modes have to be taken in the frequency

They are written in Fortran IV, specially range of interest. The best results are obser- 0
adapted to CDC 7600 computers, and are also as- ved if the component modes are similar to those . -
sociated to a general finite element program, of the entire assembly (table 3). .
used for substructures represented by finite R t n g h s em-'""element techniques, (SAP IV), 1241. Results concerning the constrained modal
een tcnu,(PI, 2.method have been presented in a previous paper

The lowest natural frequencies and corres- 191 and are not given here.
ponding eigenvectors of the complete structure As to experimental data quite large errors
are obtained by the simultaneous iteration me- n m t o f SS2 d t n tet sgnifiant

I thod, 1251. on modal data of SS2 do not affect significantly
thod, 251. the resulting global behavior of the complete

structure (table 4). The two techniques seem
well adapted for experimental procedures and

Both methods have been tested on simple have to be tested on more complexe structures.
examples consisting of beams in bending. Two

-'. types of end conditions are considered : Clamped free beam in bending (fiqure 5)
clamped-free (figure 5) and clamped-clamped -
(figure 6). y 5•Y SSl ss2,,..,...

The first part of the beam (SS1 : first 0 z L/2 S- 4
"-'. component), is always modeled by five beam ele- X

ment (analytically determined substructure). The Ui U0,2 bi2 X
second part of the beam (SS2 : second component)
is modeled by constrained or unconstrained modal mh m E.-.7 k
data (experimentally determined substructure).
In a first step analytical data are substitued SS1 is moydeled by a finite element technique,
to experimental data to test the methods. SS2 is either constrained or unconstrained.

Nhz N, N2  N3  N, N5  ""

(1) 8.17 51.2 143. 281. 465.
2) 8.17 51.2 143. 281. 466. •
(3) 8.26 53.9 143. 298. 469.
(4) 8.25 54.3 144. 299. 469.
(5 8.38 67.7 268. 632. 1110.
(6) 120. 297. 447. 745. 954.
(7) 8.26 53.5 143. 294. 467.

(1) Theoretical results

2) Finite elements results (SS1+SS2)
(3) SS1 5 Finite elements, SS2 2 rigid body modes

3 unconstrained elastic modes ., .....
(4) SS1 5 F.E. diagonal mass matrix SS2 2 rigid body modes

3 unconstrained elastic modes
"5j SS1 5 F.E. diagonal mass matrix SS2 2 rigid body modes

* SS1 5 F.E. diagonal mass matrix SS2 3 unconstrained elastic modes
7) SS1 5 F.E. SS2 5 constrained elastic modes

Table 1: Natural frequencies of the whole structure
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Clamed-clamped beam In bending (figure A)

A~e SSl SS2i e z L/2 -. '
6ia 6cl 2 6i2

L=lm, h=Olm, E=2.10
1 N/m2 , p 7800 kg/m 3

'- SS1 is modeled by a finite element technique. .
% SS2 is either constrained or unconstrained

.?- -....

Nhz N, N2  N3  N4  N5

1) 52. 143. 279. 465. 693. S
2) 52. 143. 281. 466. 698.

3) 52.1 142. 294. 467. 731.
54. 143. 295. 465. 731.

"" 54.3 143.5 292. 466. 724.
-'. %- °'.

(I) Theoretical results
(2 Finite elements results (SS1+SS2)
(3 SS1 5 F.E. SS2 5 unconstrained modes
4 f' 551 5 F.E. diagonal mass matrix SS2 5 unconstrained modes-%
15) SS1 5 F.E. SS2 5 constrained natural elastic modes

Table 2 : Natural frequencies of the whole structure

Influence of the number of modes of the SS1 5 finite elements
a.- modal basis SS2 unconstrained modal basis ("n" first modes)

Clamped-clamped beam in bending

Nhz TH n 6 n 5 n 4 n 3 n 2 n 1

N1  52.04 51.8 52.09 52.7 53.5 55.3 64.2

N2  143.4 141.7 141.7 141.8 142.2 143.3 254.2 . .

N3  281.2 291.8 294.3 298.4 305.6 326.2 639.9

N4  464.9 466.5 467.2 468.5 473.2 701.3 1207.9

Ns  694.5 724.7 731.9 744.4 774.9 1272. 1963.

N6  970. 979. 981. 990. 1338. 2027. 3252.

N7  1291. 1362. 1380. 1426. 2092. 3309. 4817. .. e

N8  1658. 1690. 1699. 2168. 3362. 4882. 7071.

N9  2072. 2212. 2284. 3417. 4943. 7130. 9949.

Table 3 Natural frequencies of the whole structure
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Influence of the required experimental data

Clamped-free beam with unconstrained modal
data.

Nhz (1) (2) (3) (4) (5) (6)

N1  8.17 8.26 8.32 8.16 8.28 8.28

N2  51.26 53.9 57.7 49.8 53.7 55.5

N3  143.4 142.9 143.5 142.9 135.5 146.1
N4  281.2 298.4 324.9 302.8 297.3 298.2

N5  464.8 468.8 517.3 468.5 460.1 473.5

N,. N6  694.5 744.6 704.9 755.3 742.9 740.6 •

N7  970.7 989.6 1033. 989.4 982.9 994.6

N8  1291. 1426. 1298. 1453. 1417. 1417. .

N9  1658. 2036. 2057. 2201. 2171. 2152.

(1) Theoretical results
(2) Exact analytical data
(3) Displacement mode shapes, rotation neglected
(4) Displacement and rotation introduced, but with 20 % error on rotation data
(5 Displacement and rotation introduced, but with 20 % error on displacement data
6 Modal masses are analytically determined with arbitrary 20 % error

Table 4 : Natural frequencies of thevole structure

APPLICATION TO AN INDUSTRIAL STRUCTURE Two different connecting pads were tested

A complex industrial example has been cho- - long pinned pads (figure 7)
sen to improve the constrained and unconstrained - short rigid pads (figure 8). '. modal methods.
modal.methods.The plate, first component of the structure,

The structure studied here is a model of a was determined theoretically. Experimental data
gas diffusion column. The basic components are of the dynamic behavior of the foundation were
an horizontal plate supported at four points on introduced as boundary conditions in the finite
an elastic foundation, on which a vertical cy- element representation of the steel plate. The
linder is fixed by four connecting pads. agreement between finite element and experimental

results is carefully checked in order to ensure .
a good analytical representation of this sub-
structure, (table 5).
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Figure 7 Figure 8

Nhz N1  N2  N3  N, N5  N6  N7

TH. 34.9 75.6 128.1 149.5 163.6 191.3 245.2

EXP. 35. 77.3 118.1 148.5 150. 193.8 246.5

Table 5 . Natural frequencies of the plate + foundation (finite element .-..
representation) . ,

The calculated dynamic response of this tested experimentally. **5'5,-

component is good enough to be stored and utili- .* -sed in the building block method. All the dynamic characteristics needed in al.l .the constrained and unconstrained modal methods
The second component, column + connecting where exclusively determined from test data

pads, because it is a complex structure was figure q for example. -,

Figure 9 Free-free test for the column
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egtFor the constrained modal method, the were determined, (table 6).
egtfirst constrained modes and modal data

N1=84zPad 1 Pad 2 Pad 3 Pad 4 Modal mass

NI 1 804 radz 5.5 106N/m - 5.7 105N/m + 5.7 105N/m + 5.5 106N/m M, = 116 Kg
w, =31806Hz/

N2 = 2006 ra/H+z . 105N/m - 6.7 106N/m + 6.7 106N/m - 4.5 105N/m M2 = 116 Kg

*N 3 =40.9 Hz
20rds - 1.7 106N/m - 7.5 106N/m + 7.5 106N/m - 1.7 106N/m N3 =116 Kg

NW3 = 45.8 Hz/ M

N4= 2908 rad/ - 1.3 107N/m - 2. 106N/m + 2. 106N/m + 1.3 107N/m M4, = 116 Kg

N5 = 159.4 Hz
W5 1 a/ 2. 107N/m -2.5 107N/m - 2.5 107N/m -2. 107N/m M5 =116 Kg

N6 = 187. Hz 7Nm 2517/ -1.16K
W6 ll7Srad/s 1.4 105N/m -2.5 1Nm 2. 10/m -. 4105N/m M6 = 11 K

N7 191. Hz ~ 07N/m -4.5 105N/m 4.5 105N/m 1. 107N/m M7 = 116 Kg '"'
W7 l200rad/s-

N8 = 223. Hz -1.3 107Nm -1. 107Nm -1. 107N/m -1.3 107N/m M8 =116 Kg I
l8= 400rad/s -,

Vertical Modal Forces0

N1, N2  "Rotation" of the cylinder
N3, N4, "Translation" of the cylinder
N5, N6  "Vertical modes" (symetrical and antisymetrial)
N7 N8  Main bending modes

Table 6 Experimental data required for the constrained representation

For the unconstrained modal method, five
rigid body modes were calculated and 0 1
the first six elastic free-free modes of the N2 - n A 0 1. 0 0 01
column were measured The orthogona- -16 I I
lity test for these six modes is: M2 = 116 Kg C1,21 0 1. 0 0 0j

0 1. 0 0 01

108 0 0 0 -20 N3 = 0 Hz= 0 0 1. 0 0
I~1! 0 0 1. 0 0l

M 1082.5 0 0 M31= 116 kg 0 0 1. 0 0
ii 1080

108 0 0.365 -0.17 1. 01Symmetric 108 N, = 0 Hz00.6 01710-
108kg mss f te yliderwihou pas.1 = 0 0.365 0.17 1. 0'0

0, =I, 5Kqm,0 0.365 -0.17 1. 0'

Experimental data required for the free- 10350 01 .
free representation of the column. Degrees of N5 = 0 Hz 1-0.365 0 0.17 0 1.'

freo (X Y 55 Kqx ).M 2 1Cl,2 -0.365 0 -0.17 0 1.'
M5 = 5 Kg 0.365 0 -0.17 0 1.'

N, = 0 Hz 6 j= 1. 0 0 0 a Modal masses and inertia are determined

N1.16Kg ~ 12 1. 0 0 from very low frequency excitation tests for the
1. 0 0 0 o five riqid body modes. The mode shapes on the

connection nodes are calculated analytically.
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Six first elastic natural modes of the
cylinder (4 flexural and 2 vertical modes). (5) (6) (7)

0.558 0 0 0 0 19. 22.1 22.1

N =C121 = 0.558 0 0 0 0 25. 32.7 32.7

S= 9.59 ,) 0 0) 33. 34.4 34.51g0

0 0.558 0 0 01 - 109.
N- 0.558 0 0 109. 129. 130."0" 0.558 0 0 .-0 '.

M, = 116 Kg CI 2 0 0.558 0 0 0 165. 179. 187.
0 0.558 0 0 0__ _I"__ __

197. 201. 233
-=224Hz 0 -0.305 0 0 1 I

I 0 -0.305 0 0 205. 180. 228.
M = 116 Kg cI,2 = 0 0 -0.305 0 0± [..

0 -0.305 Short connecting pads

1285 Hz 0 0 -0.407 0 0 (1),(5) experimental data

, = 28c5' 2  =10 0 -0.407 0 0 (2) constrained cylinder with pads +

CM,= 0 0 -0.407 0 0 plate + foundation0 - 0 -0.407 0 0 (3),(6) unconstrained cylinder + plate with
pads + foundation

30H0.066 0 0 0 0 (4),(7) only rigid body modes are taken for -

N 30.fl66 0 0 0 the unconstrained modal basis of the % ,.'.,
c00 .0cylinder.M.:.,, 116I Kn (C1,21- 0.06 0 0 0 0 ..

" (0.066
11K06"0Table 7 : Frequencies of the whole

0 structure

S= 302 Hz0.066 0 0 Mode shapes of the global structure are -
"1M,2 l 0 0.066 0 0 0 shown on the following figures.

= 1 g0 0.066 0 0 0
First case

Data are performed using the new analyser system. Column with long pinned connection pads, .- -

Complete system simulation results fixed on the plate + foundation

The column with a constrained or uncons- - experimental results of the complete

trained modal representation is connected to structure : figure 10, .

thaied l at thrug tt ong icnned to - constrained column with long pinned pads'-. the plate throughout the long pinned or short (experiments) associated to the finite element.--

rigid pads. Natural frequencies and mode shapes (eprienta so cae t the finitllement
of the whole structure are computed and presen- representation of the plate global mode shapes

ted o tabe 7.figure 11,- otae7- unconstrained column without connecting -
J 1 r pads (experiments) associated to the finite ele-

(1) (2) (3) (4) ment representation of the plate + pads :
____ ___ figure 12. ..-

15.3 14.2 18.7 18.7
- .Second case

19.3 18.8 20.8 20.8 Column with short rigid connecting pads, L%'.
26. 27.9 25.2 25.3 fixed on the plate + foundation

I______ _- experimental results of the complete

34.3 35.9 21.9 21.9 structure (figure 13),
9 - unconstrained column without connecting

" 37.3 38. pads (experiments) associated to the finite ele-
--- " -- iment representation of the plate + short rigid
105. 101. T97.1 97.5 pads (figure 14).

, 163. 155. 198. 187.

181. 135. 138.

Lono connecting pads
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DISCUSSION 131 A.L. KLOSTERMAN, W.A. Mc CLELLAND,J.E. SHERLOCK

Both methods have been applied successful- JyE. sRlo o
1~ toDynamic simulation of complex systems uti-ly to the industrial test example. Two diffe- l z n x e i e t l a d a a y i a e h i

rent connecting systems of the main components iental and a l techni-
were tested. The constrained modal method seems " . -
better adapted to this particular structure. 141 A.L. KLOSTERMAN
The constrained modal basis of the column is A combined experimental and analytical pro-
closer to the global behavior of the structure cedure for improving automotive systems
(figure 11) than the free-free mode shapes of dynamics. (S.A.E. n°72.0093), 1972.the cylinder (figure 12). 151 J.C. DAVIES

o Furthermore, the dynamical characteristics Modal modeling techniques for whicle shake
of the long pinned pads are difficult to cal- analysis. (S.A.E. n* 72.0045), 1972.
culate (column 3, table 7), the pads are inclu- 161 M. LALANNE, P. BULAND
are well represented by experimental dThey Calcul des modes propres d'une structure
de wen theented elermenta odata
(column 2, table 7). datapar une mthode de sous-structures. Contrat• ~C.N•E•S. 73/1039, 1973.--..

Nevertheless, for the short rigid connec-
ting pads, which are easily modelised by finite 171 J.C. CROMER, M. LALANNE, D. BONNECASE,

elements, the unconstrained modal method provi- L. GAUDRIOT % %
desgoodr s(column 6, table 7). Comportement dynamique des structures com-des good results plexes. Rapport final du contrat. D.G.R.S.T.

The influence of the rigid body modes are 73-7-1786, 1973.
noticed at low frequencies and the free-free
elastic modes shapes on the upper global modes 181 J.C. CROMER, N. LALANNE, D. BONNECASE,
considered (column 7, table 7). L GAUDRIOT -'.'.

Comportement dynamique des structures com-
As to experimental results, every calcula- plexes. Rapport final des contrats D.G.R.S.T. ... /..-

ted mode could be observed with the 1191 vibra- 75-7-1224 et 75-7-1225, 1975.
tion measurement and analysis system. Some dif- 191 J.C. CROMER, N. LALANNE
ficulties due to the particular interaction Dnm b.v. of c• LAuANNs
between the foundation and the mode shape of Dynamic behaviour of complex structures,
the plate at 163 Hz were encountered. using part experiment, part theory. Shock

and Vibration Bulletin, n0 46, Part 5, 1976.
In general the results appear to be very 10 ~.COE.: atifacory1101 J.C. CROMER•-

satisfactory. Nod6lisation semi-th~orique, semi-expirimen-

:. CONCLUSION tale du comportement dynamique de structures .'
complexes. Thise de Docteur Ing~nieur, 1977.

Analysis of a complex structural dynamic
system such as the one discussed in this paper GENERAL BIBLIOGRAPHY
is believed to be a significant test of
Klosterman's building block methods. The cons- 1111 C.E. KENNEDY, C.D.P. PANCU
trained and unconstrained modal methods are Use of vectors in vibration measurement and
being verified with scale model experimental analysis. Journal of the Aeronautical
data. Results indicate that the methods provide Sciences, vol. 14, n* 11, nov. 1947. %

a realistic dynamic analysis of large and com- 1121 W.C. HURTY
plex engineering structures. Dynamic analysis of structural systems using

AKNOWLEDGEMENTS component modes. A.I.A.A., vol. 3, no 4,
april 1965.

This work 171, 181 was supported by the 1131 R.R. CRAIG, N.C.C. BAIPTON
D616gation Ginorale A la Recherche Scientifiqueet Technique, under contratse73-7-1786, 7 q7 eCoupling of substructures for dynamic analy-' ':" et Technique, under contrats 73-7-1786, 75-7-ssA.AAvo 6,n7,ul198 .

1224, 75-7-1225. The authors are indebted to sis. A.I.A.A., vol. 6, n* 7, July 1968.
D.G.R.S.T. for permission to publish this paper. 1141 W.A. BENFELD, R.F. HRUDA

Vibration analysis of structures by component
REFERENCES mode substitution. A.I.A.A., vol. 9, n* 7,

III A.L. KLOSTERMAN July 1971.
On the experimental determination and use of 1151 W.C. HURTY, J.D. COLLINS, G.C. HART
modal representation of dynamics characte- Dynamic analysis of large structures by modal
ristics. Ph. D. Thesis, 1971. synthesis techniques. Computers and Struc-

121 A.L__KLOSTERMAN, J.R. LEMON tures, vol. 1, 1971.
Dynamic design analysis via building block 1161 R.M. HINTS %O

.: approach. Shock and Vibration Bulletin, Analytical methods in component mdal syn- ..-

n*42, Part 1, Janvier 1972. theses. A.I.A.A., vol. 13, n* 8, august 1975.
I ' - ' J 1 1 7 1 C . S Z U -" - "

Vibration analysis of structures using fixed
interface component modes. Shock and Vibra-
tion Bulletin, no 46, Part 5, 1976.

90

%

__Ir ri_ w W W --

-. - - .. .N - * S."_ _. *i .
i,' -- "': -- ,'--. -a, " P . . . ,. -. ",-.; , , _ , .; ._ -- ; . . .. , .. - -. ... _ ...-.. ,, .. .. *-., *-., . * . -. -,,5



1181 E.J. KUHAR, C.V. STALE ly mdal coordinates of component k
Dynamic transformation method for modal - .(k) m l o n s c n

M K modal masses and stiffnesses ofsynthesis. A.I.A.A., vol. 12, 1974. M(k), ( mk aen d k
1191 S. RUBIN '"ntrp usation

Improved component-mode representation Wi ith natural pulsation
for structural dynamic analysis. A.I.A.A. R set of modal external forces acting•vol. 13, 1975. at the constrained area of component k

1201 A. BERMAN 1* derivative with respect to timeVibration analysis of structural systems Iit dervativ wra it n r se olusing virtual substructures. Shock and I matrix transposition symbol
Vibration Bulletin, n* 43, Part 2, 1973.

121 R.R. CRAIG, CHING-JONE CHANG
Free interface methods of substructure
coupling for dynamic analysis. A.I,A.A.
Technical notes, novembre 1976. "::

1221 R.L. GOLDMAN
Vibration analysis by dynamic partitioning.
A.I.A.A., vol. 7, 1969.

1231 S.N. HOV
Review of modal synthesis techniques and a A -
new approach. Shock and Vibration Bulletin
n* 40, Part 4, 1969.

1241 K.J. BATHE, E.L. WILSON, F.E. PETERSON ..',%
SAP IV, Berkeley, June 1973,

1251 A. JENNINGS, D.L.R. ORR
Application of the simultaneous iteration
method to undamped vibration problems.
International Journal for Numerical Methods
in Engineering, vol. 3, 1971.

1261 M. LALANNE, P. TROMPETTE, M.T. CHAMBAUD
Recherche des valeurs propres et vecteurs
propres par iterations simultan@es.Rapport D.R.M.E., 1972.

1271 G. FERRARIS, P. TROMPETTE
Programme de calcul KFMW. Recherche de
valeurs propres et vecteurs propres. Pro-
gramme du Laboratoire de Mecanique des
Structures, I.N.S.A., 1975.

SYMBOLS

SSk substructure k
2U,2T potential and kinetic energy of the

complete structure
2Uk, 2Tk potential and kinetic energy of sub-•9 k structure k
ck,l connection degrees of freedom fromcT component k to component 1

-ik inner degrees of freedom of component k
, (k) , k k  finite element mass and stiffness ma-

rices of component k with respect to
,. connection node and inner nodes

mck mctk kcc,k kcl,k
.(k) ; k(k) = •IF-" mic,k mii,k kic,k kil,k

1.1 set of elgenvectors

%-%
k,
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TRANSFER FUNCTION APPLICATIONS TO SPACECRAFT

STRUCTURAL DYNAMICS*

J. R. Fowler
Hughes Aircraft Company

El Segundo, California

E. Dancy
Hewlett-Packard Company

Los Angeles, California

Fast Fourier transform computed transfer functions are used for
several spacecraft applications. An Intelsat IVA spacecraft was tested
using several excitations and the resulting transfer functions are corn-
pared using modal frequencies and damping. An example of mass and
stiffness computations from transfer functions is presented. Use
of alternative reference points for the transfer functions is presented. .
An example of the use of slight changes in transfer functions to detect

"I' failures is shown.

PURPOSE third illustrates the effects of using different
reference points in computing transfer func-

The term "transfer function" as tions and the meaning of the results. The
traditionally used in the structural dynamics fourth uses Intelsat IVA data to illustrate the
field refers to the amplitude ratio and phase use of transfer functions as a quality control
relation between two measurements on 5 tool in the detection of spacecraft failures.
slowly swept sinusoidally vibrated structure.
One of the measurements would normally be
the force input and the other a response loca-
tion of interest. Modal studies have tradition- DISCUSSION * .. "

ally been run using a force signal as the input '
and an accelerometer signal as the response. By taking the ratio of the spectral power .'
The resulting transfer functions are typically of the input and reference measurements, it is V
displayed in a co-quad plot form and then used possible to compute transfer functions for
to identify the modal frequencies and ampli- many diverse sources of excitation such as
tudes. With the development of the fast random, transient, and sine sweeps. The
Fourier transform processors, the basic excitation shapes must conform to the follow-
definition of a transfer function is unchanged, ing limitations- ".-
but the excitation signals that may be used are
greatly expanded. 1) It must be possible to generate an electri-

cal or mechanical signal of the desired "
The purpose of this paper is to illustrate shape.

the power of this capability in addressing -
structural dynamics problems. Four exam- 2) It must have an energy spectrum cover-"O
pies are discussed. The first is a comparison ing the frequency range of interest. \ \.

of the transfer functions taken from COMSAT's

Intelsat IVA spacecraft test data. That test 3) For amplitude dependent (nonlinear)
used several excitation techniques and the fre- systems, the excitation power available
quencies and damping values for the modal must drive the system to the desired
response are compared. The second example amplitude range. %
discusses the effort to derive mass and stiff- - •
ness matrices from transfer functions corn- 4) The input and response signals must be 0
puted from a high level random test on NASA's amenable to the analysis equipment
Pioneer Venus multiprobe spacecraft. The available.

*- ..- , "

.:This article is based on work performed at Hughes Aircraft Company under Intelsat Con-
tract IS-774. The views expressed in the article are not necessarily those of INTELSAT.
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The first constraint does not present a a noise generator and others being corn-
practical limitation since most available eye- puter controlled signals such as periodic
tems have several excitation strategies built random and pseudorandom.)
in and many other strategies could be impro-
vised. Pure random excitation is always 4) Transient (This could be computer con- 0
available using a noise generator and band trolled shock spectra type transients or h

limiting analog filters. The second limitation hammer impact type testing.)
of energy spectrum is important, particularly
with hammer testing and other similar excita- This paper presents transfer functions
tions where the frequency spectra are not taken from a full-scale cornxnunication satellite
easily controllable. With the hammer impact vibration test using several of the above exci-
excitation method, variations in the hammer tation methods. The desire is to measure and -
weight and head compliance can vary the input compare the resonant frequencies and damping S
spectra. The third limitation may occasion- as a function of excitation method and excita-
ally require limited frequency range excitation tion amplitude in order to assess the usefulness V
when there is a severe power limit. For of similar data taken from other programs.
example, random excitation may require
dividing the frequency range of interest into
narrow bands to achieve the desired response
levels. The fourth limitation is best illus- INTELSAT IVA SPACECRAFT TEST
trated where a combination of high frequency
and a long signal time places a severe demand As part of an INTELSAT/COMSAT Labo.
on the analysis equipment. ratories spacecraft test improvement program,

an Intelsat IVA communication satellite
Some of the excitation methods for comput- (Fig. 1) was subjected to several base excita-

ing transfer functions currently being used are: tion sources in the lateral direction (Ref. 1).
That spacecraft was extensively instrumented

1) Slow swept sine and the transfer functions from the base accel-
eration to selected response locations were

2) Fast swept sine (frequently termed "chirp" computed.
*varying from 10 octaves per minute and
* faster) Five response points on the spacecraft

were selected for the comparison (Fig. 2): the
3) Random (Several strategies have been top of the spacecraft, accelerometer IX, the

employed with random, the simplest being upper and lower feeds, accelerometers 2X and
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3X, the moment at the despin bearing assem- strategy was to adjust the random input at
""' bly, strain 107, and the base moment, strain each frequency such that the desired response ,

102. In all cases, the reference measurement spectra would be generated. The base input
was the base input acceleration. The use of amplitude was 0. 18-g rms and the spectrum is
the base accelerometer produces transfer shown in Fig. 4. The transfer function corn-
functions and related modal data for the base putation was done in a manner similar to the 0

*'. fixed cantilever case. random test. -.

Excitation Methods 4) Transient input. Another excitation
used was a transient which was representative .- ]

1) Low level random. This test used a of coupled booster-spacecraft analysis results. 106,
General Radio noise generator and Rockland This transient was computed for and controlled
tunable bandpass filters. The resulting ran- at an intermediate point on the spacecraft
dom signal was fed to the shaker power ampli- (ZIX, Fig. 2). This test, like the narrow band -O
fier and the input and response signals recorded random test, is also frequency limited and only
for later analysis. The base acceleration had the lower frequencies are comparable. These
an energy bandwidth from 5 Hz to 30 Hz and an transfer functions are of interest since they .

amplitude of approximately 0. 0 6 -g rms. While are used by the transient test software to .'

the input energy of the drive signal to the update the control pulses.
shaker power amplifier is flat, the response is :J6

not due to shaker and spacecraft dynamics. Data Reduction Methods
That variation is seen in the base accelero-
meter power spectrum plot in Fig. 3. This is The transfer functions were computed
the quality control test used at Hughes Aircraft using the band selectable Fourier analysis "
Company prior to and following all spacecraft package developed by Hewlett-Packard. This
tests to detect any small change in the transfer package is termed "zoom" in their literature
function and thus an indication of possible and allows selection of narrow frequency
structural failure. ranges of interest for detailed analysis. The -"

appendix describes the approach in detail.
2) Notched swept sine test. This is the

currently used method at Hughes Aircraft Corn- One particular difficulty in obtaining good
pany to qualification test flight spacecraft. transfer functions was the short time records
The base input acceleration level is specified available. The tests were run to obtain corn-
but with the stipulation that selected space- parative test data for the various approaches
craft response levels are not to be exceeded, or, in some cases, the required data for J"

These limit response values are obtained from spectral analyses. In retrospect, where pos-
coupled booster-spacecraft analyses. Two sible, much longer time records would have
notched sine tests were run, a low level and been taken if transfer function analysis had
high level at 4 octaves per minute. been anticipated. This would have allowed a .

narrower zoom or increasing the number of
3) High level, narrow band random dwell, averages for computing each transfer function.

One of the spacecraft test methods considered While realizing practical limitations, it is
V during the study was the application of a high advantageous to compile a large quantity of

level random input applied simultaneously at data for transfer function computations. %
each of the critical structural frequencies.

,U The base input spectrum was selected such
that the resulting structural response was %'t
representative of flight data experience. The
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Data Presentation 3031 was the highest amplitude test, the fre-
quencies tend to go down and the damping

The transfer functions computed using increases. Inspection of the individual modal
traditional methods and the zoom method are fit data indicates repeatable and similar fits
compared as follows. The real and imaginary for the random dwell data, and as the excita-
transfer functions for the spacecraft tip loca- tion energy diminished for the higher modes 0
tion for three of the methods are plotted in as on test 3071, the modal fits were poor and % .- J
Figures 5, 6, and 7 using the traditional : -
approach (nonzoom). Fig. 8 shows the transfer
functions using the zoom approach. The
Hewlett-Packard modal fit program was used
on the zoom transfer functions which covered
the first four frequencies; a quantitative com-
parison is given in Table 1. Modal data are
not shown for all four frequencies for test 3071
since the data for all of the five locations did
not result in usable transfer functions.

IMAGINARY .- " w

Table I illustrates the variation in fre-
quency and damping values between the various
methods. The table shows that the frequencies IL"

are repeatable for comparable amplitude exci- 0 20 40 40 50 100 20 40 "

tations. As the amplitude goes up, and test FR/EUENCYHZ

FIG. 6-SWEPT SINE (4 OCTAVE/MINUTE) TEST "
TRANSFER FUNCTION (BASEBAND METHOD)

RE' AL

IAGINI I I i M GIN

0 20 40 s0 80 too 120 140 0 20 40 60 80 100 120 140
FREQUENCY HZ FREOUENCY. HZ

FIG. 5-RANDOM EXCITATION TRANSFER FUNCTION FIG. 7-RANDOM DWELL TRANSFER FUNCTION
(BASEBAND METHOD) .

TABLE 1
Comparison of Intelsat IVA Y-1 Spacecraft Frequencies and Damping

Based on Transfer Function Computations - -

Test Type "

011 Random -

3010 1'3 level swept sine. 4 oct/min

3031 Full level swept sine. 4 oct/min

3069 H lgh level random
3071 DrPrct transient

" " Test Oti 3010 3031 3069 3071 %

f Hz 7 29 7.04 6.81 7.05 6.93

I°1 054 1.84 1.32 1.35 1.34 . -,"

ire f2 Hi 138 14.26 13.97 14.46

t2% 090 1.73 2.65 1.06
113Hz 14 15 I 14.79 1468 14 73

t3% 051 1.34 4.07 1.48

14 HE 2029 20.10 19.75 19.93 I 19.95

-367 0.82 1.88 1.54 1.12

'Insufficient ,,e,. it . l'h ',Pen rcv rpgron for all measurement locations

%0
96 %.
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the input to response coherence was also poor. mode shapes that are representative of that
For future use of this type analysis, the low amplitude, but the damping value cannot be % %
level random test will yield frequencies and used in a projection to high amplitude loadings.

TEST 3071-0
T TRANSIENT % --
TEST 3069-
HIGH LEVEL RANDOM%

TEST 3031-
SWET INE FLLLEVEL

TEST 3010-
SWEPT SINE. 1/3 LEVEL j
TEST 011 -
LOW LE VEL RANDOM

REAL

TEST 3071-
TRANSIENT

TEST 3069- *
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Mass, Stiffness, and Darnpinst Matrix the mass matrix to remove the shaker arma- 5

Computation ture and fixture weights and also to develop a
* free stiffness matrix. The resulting stiffness

*During a recent spacecraft program, the matrix, Table 3, was checked by applying
*vibration test frequencies and analytically loads that had been applied to the structure

predicted frequencies were considerably during static tests. There was a 13 percent
different. To save time and money, it was difference in the computed deflection and the
decided to use high level random vibration measured deflection from the static test which
test data to develop transfer functions and, was a considerable improvement over the
from those, the associated mass and stiffness original analytic model.

* matrices. The transfer functions were com-
* puted using the qualification level random test

data supplied to Dr. Mark Richardson of
Hewlett-Packard for computation of the
matrices as described in Ref. 2. Table 2
lists the modal data using this procedure. FWDo OMNI ANTENNA

Currently, the matrix computation program is
not commercially available. Fig. 9 shows a * 1
view of the spacecraft and the accelerometers TB

Used. The available accelerometer data were
reviewed and several were selected to be
representative of motion of major masses of
the spacecraft. The transfer functions relative .,.-

to the shaker armature current were computed 2

using band selectable Fourier analysis. The
modal data and the mass and stiffness matrix
were computed. It was necessary to adjust

24 10
TABLE 3

Mass and Stiffness Matrices

674.8 -21. 20.791
M.= -21.8 1134 -352.2 386~,.~,

[20.79 -352.2 901.7 23 INU

9.1923 0.02949 -22 17 9]K - 0.02949 5.8077 -5.83719 Ix 104

[.9.217 -58371 150588 JFIG. 9-PIONEER VENUS ACCELEROMETER LOCATIONS DATA

_______________________________ USED FOR MASS AND STIFFNESS COMPUTATIONS

TABLE 2
Modal Fit Data Used in Computing Mass and Stiffness Matrices (Hewlett-Packard Data)

Average Modal Frequencies and Damping

Matrix Frequency Demping Factor Damping Coefficient
Mode (Hz) MI) (radleecl

*1 7.0342 9.U83D 4.2460
2 24.1202 0.7577 1.14840
3 40.7786 3.1479 8.0695

Amplitude Units, gilbwac
_____Mode 1 Mode 2 Mode 3

Amplitude Phane Amplitude Phose Amplitude Phase

I 0.10601.01 17.1 0.U1OE.02 354.3 0.79511.-01 176.4
2 0.1142E-01 16.1 0.2703E-01 173.8 100001+00 .0
3 0.1142E-01 16.1 0.24011.01 172.3 0.61391-02 158.6
4 0.1150E-01 15.9 0.2313E-01 173.2 0.24176-02 217.4

5 0.5702E-03 183.8 0.5287E-03 176.6 0.10526-02 168.7
6 0.8714E-02 11.3 0.3766E.02 IIII&I 0.41001.02 201.7
7 0.1077E-01 17.1 0.4091.E02 366.6 011906.01 348.9
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Alternate References for Transfer Functions part of the system. Note that if armature
voice coil current is used, it is part of the

When transfer functions are computed for system and will affect the results. With this
complex structural systems, care must be introductory discussion, it is possible to con- %
exercised in the selection of measurements sider the various possibilities used for refer- ; -
which will reveal the desired information from ence points during spacecraft testing.
the test. For the simple system shown
teetF thspeye o When a complete spacecraft is mounted on

2 a slip table and shaker excited in the lateral .

axis, there are several choices for the trans-
fer function reference. The following methods

"2". list the reference and the resulting set of .- '-.-%.

modes. % W-

1) Shaker voice coil current (proportional

excited by F(t) it is possible to construct the to force input). As stated, this has the effect

transfer functions in the following ways to of a zero force input; the modal set includes . .1
produce the modal sets shown, the first mode of the armature and spacecraft .°. %

on the armature flexures. It is not particu- 'J

a, a 2  larly useful since the armature and flexure

H(_) and H(---) will yield the frequencies dynamics are not well known and therefore
and modes for the com- difficult to separate from spacecraft dynamics.

plete system. 2) Base acceleration. This fixes the base
lateral motion (sets it to zero) and since the

H(-) will yield the frequency slip table restrains rotation, the resulting
a, modes are base fixed (cantilever). Basen i.e. , acceleration is the method used for base fixed

modal studies done in conjunction with a quali-
fication vibration test. Where several base-: . (control) accelerometers are available. trans- %-- -

fer functions between them can show the fre-quency where they are in phase and therefore .. ,'
the upper useful frequency of this method. .,-.,.

there will be only one Fig. 10 compares transfer functions for
frequency in this H(w). Intelsat IVA data using the base acceleration .. .-

reference and the armature current reference.
In each of these cases, the result has the effect Note that there appears to be an additional
on the system of setting the reference mea- mode at 6 Hz and that the higher frequency

" surement used for the transfer function to zero. modes are shifted slightly due to the difference
A common example of the above is the use of in the structural system that each represents. -"-

a sting shaker for modal testing. When the
accelerometer response to force input transfer For an axial vibration test on NASD
functions is used, the mass of the shaker Japan's Geostationary Meteorological Satellite
armature and the armature flexures are not program, the transfer functions referenced to 'A

-' REAL

apACELEROMETER IX REFERENCED

C;l,-. --- . "
-. 4T0 ACCELEROMETER CAI 1

a1 ACCELEROMETER IX REFERENCED S
II "TO ARMATURE CURRENT

~.1

i0; ' #A- IMAGINARY
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FIG. 10 -COMPARISON OF TRANSFER FUNCTION USING TWO DIFFERENT REFERENCES
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an intermediate spacecraft location were use- ".
ful in determining a local resonant frequency.
The shelf resonance was obtained by using RE

shelf attach point accelerometer 14Z to edge P
accelerometer ZOZ transfer functions. The
resulting shelf frequency (56 Hz) is not appar- -
ent in either of the base referenced transfer
functions (see Figures II and 12) as expected IMAGNARY

since they represent a different (base fixed)
structural system.

Care has to be taken in order that the II 14ZVSCAI

motion of the reference point is well known to I I I a
avoid misleading conclusions. Many times the
base of a structure will both translate and J
rotate making this base fixed approach incor-
rect since the input due to the rotation cannot RAL

be accounted for in the transfer function.

*. Failure Detection

During spacecraft qualification tests at IMAGINARY

Hughes. in each test axis, a low level random
test was run prior to the first qualification
test and another at the end of all testing in that I 0VC :
axis. These two tests are analyzed for trans-

fer functions and overplotted to detect any
structural changes. During the Intelsat IVA
test discussed above, a debonding of a portion

of the lower feed structure occurred and the
resulting shift in frequencies is shown in REAL %

Fig. 13. That structure was repaired and the
two fits of transfer functions prior to the test
and following repair are shown in Fig. 14, %
indicating a successful complete repair. In
several cases this valuable technique indicated IMAGINARY

a structural problem that was detected only
after extensive examination by the inspectors..,-

"l €!~~~ 20 Z VS 14 Z ,. """.
SI i i I I . . ,. ,

0 20 40 60 80 100 120 140
FREQUENCY. HZ"
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II APPENDIX

0 20 40 60 s0 100 120 Calculations of transfer functions from

FREQUENCY.HZ long time records, such as sine sweeps, can
be accomplished in several ways. 0

FIG. 14-RANDOM EXCITATION TRANSFER FUNCTION
ILLUSTRATING FREQUENCY AGREEMENT The method employed to calculate the t.
FOLLOWING SPACECRAFT REPAIR TEST 011 VERSUS transfer functions shown in this paper involves
TEST 013 band selectable or "zoom" transforms. Nor-

mally resolution is increased when the zoom
"* transform is used; in this situation information

Summary spreading caused b1 the filtering of the zoom
algorithms is taken advantage of.

- Band selectable Fourier analysis is an
important extension in measuring transfer A baseband measurement on a sine sweep
functions of dynamic systems. It is par- will yield only a portion of the transfer function.

% ticularly useful when computing transfer This occurs because of the limit imposed by b 'C.
functions for systems that have been block sizes available, in combination with the
excited using swept sine or transient sweeping input. That is, the total transfer
signals. function is made up from a number of averages

from blocks taken as the sweep takes place.
. For the Intelsat IVA spacecraft, the higher Windowing must be applied to each of the

level excitations produced lower modal blocks. This windowing can cause voids in the ..
frequencies and higher damping. spectral estimates in the composite (averaged)

power spectra, and leads to unsatisfactory
- The use of transfer functions computed transfer functions. ....-

from a low level random test before and % -V
after high level testing is a very effective Using zoom techniques, these voids become
quality control tool. dips whose effects are divided out in the trans-

fer function calculations. The reason this
, The use cf available vibration test data to happens is the filtering that occurs in the zoom

develop a simple dynamic model for use process. Information is spread over more
in analytical analyses has been demon- sample points by the filtering, so that when the
strated. That technique could prove window is applied the information is not lost,
powerful in understanding the behavior of only diminished. Parameters that can be con-
dynamic systems by providing test based trolled are the frequencies displayed, the
mass and stiffness matrices, sampling frequency, and the number of

averages. The sampling frequency can be
. Use of alternate reference points for com- adjusted to give any desired information

puting transfer functions has proved very spreading (within the bounds of the ability to
. useful in revealing structural dynamic store data points). The idea here is to over-

information. Often the information, such sample the data stream, to provide more data
as a local component or structural reso- points. Ultimately the investigator should . %
nance, is not apparent until that approach overlap proctss the sweeps, in which case

is used. even better results are obtained. 0
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LOAD TRANSFORMATION DEVELOPMENT CONSISTENT
WITH MODAL SYNTHESIS TECHNIQUES

R. F. Hruda and P. J. Jones
* Martin Marietta Corporation

Denver, Colorado

A method is presented for the development of component internal load
transformations consistent with modal synthesis procedures. The re-
suiting load transformations account for component interactions across A

statically indeterminate interfaces. A unique approach of obtaining
these transformations is presented which, for large systems, would be
more economical than the more laborious obvious techniques usually em-
ployed. Further, a modified modal coupling procedure is employed
which offers advantages over previous techniques.

0

INTRODUCTION modal coupling procedure, the resulting loadIRUI transformations are then expressed in terms of
An accepted practice used in developing inertial loads (accelerations) which can then jjj.

structural dynamic models is to form modal be utilized in a transient response analysis
"'S data for components and subsequently use modal accounting for effects of adjoining structure

synthesis techniques to develop modal data of through redundant interfaces.
the total system. This practice is applied to
complicated structures subjected to transient Formation of the load transformation using ,.
loading conditions where the final desired finite element techniques is examined and two
product often is internal structural loads, methods of development are presented, one being

• ,- Detailed treatment of various techniques of unique in that by-products of the development
*' modal coupling have been published, but devel- are required matrices for modal synthesis tech-

opment of consistent load transformations has niques. Development of related equations is
generally been lacking. detailed. An example case is presented for a P

transient response analysis comparing exact -.
This paper presents methodology for de- results obtained from a model and load trans-

velopment of internal load transformations for formation of a total system to results obtained
a component that can be used with any inertial using the subject component load transforms-

modal coupling technique. A variation of tions and modal synthesis techniques. Effects
generally accepted modal coupling techniques of modal truncation on loads results is also
of components with redundant interfaces is noted.
also discussed. Utilization of the subject
load transformations in structural response The versatility of the proposed method is
analyses employing the coupled modal proper- obvious relative to the application to a
ties produce loads results exactly the same loads analyses of a spacecraft that must be

as if the total system was modeled as one compatible with several boost vehicle systems.
structure. The unique feature of this devel- Redundant structural interfaces between space-
opment is that, for the individual component, craft and booster in the past have been treated
no knowledge of the adjoining component is by either simplification using an approximation
required other than geometry of the inter- of a determinate interface and neglecting the
faces. The load transformation for the com- interface feedback effects on loads, or by

ponent is developed relative to: 1) inter- developing spacecraft load transformations
face deflections, and 2) unit loads applied utilizing structural compliance of the booster

- to the component with fixed interfaces, at the interfaces. The latter approach while
Through the transformation developed in the offering a reasonable approximation of the

103 " '.
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actual loading situation has a disadvantage in K - stiffness matrix,
that the spacecraft model and load transforms- F m externally applied forces, and
tion become booster dependent requiring separ-

%" ate models for each booster vehicle considered. h = total discrete motion (displace-
The proposed load transformation method offers ment).
significant advantages since it is mathema-
tically correct and eliminates booster depen- It is now desired to tie A and B together at
dence. the A/B interface. An inertial coupling tech-

nique is chosen to accomplish this as follows. .'

14DDAL COUPING AID LOAD TRANSOR14ATIONS 1. Let h = I A  + TA h
A A 'A A Al/F

It is assumed that a large structural and hD - 'B + TB hB I/F O
analysis is to be performed such that some Y - ,B

cechnique of modal coupling is required. An where typically, r.
elementary member loads equation is written as - = i non-interface dof"

ninterface dofs ---

[Oil L 1i interface dofa
IL) [ko] JhB (1) h - non-interface relative (to

interface) motion

where k - finite element stiffness kernel, TBR constraint modes (Ref. 1)

= geometric compatibility trans-
formation 2. Tie A and B together via constraint " .

hB -discrete displacements of the
composite component

The loads equation is shown here to point out 1hB I/F( - hA I/F; jhij ()O

that the basic data required to obtain loads
(once the finite elemental stiffnesses have Cbi .12 m x

*.. been defined) is an accurate definition of the Combining steps 1 and 2 into matrix form: . -
. displacements. The definition of the displace- h-

ments is a function of the technique of the h 'A
modal coupling. A [TA IA 4)A (

Consider, as an example, two components, 0 T,
A and B, as shown in Figure 1, which could be B"

- . thought of as a booster (component-A) and a '''-"
tog ofapayload (component-B). Substituting (4) into (2) and premultiplying
pyod(opnn-)by (4)-transposed yields inertially coupled

equations of motion

[ " ": " iK~aK RedndantInterface IM. 'IMI 1' h

T TI T

A AA B BIA AA iM'B
ABBT B 'hBI 

'
" I I T I h

" To obtaFigure . Components A and B DA-A-__-_ _-- -T-- - - - - - - -J "T%777"

" : To obtain payload member loads via equation I ." .

(1), an accurate definition of hB must now be -
developed. For the two independent components, TF + TF.

we may write A A B•B

TA 1(5) h ~ A

!A -A A' A)'2'
MB] #hB + [KB] jhB KF B

Next, use the bottom row of (5) to obtain an
- where K - mass matrix, expression for hB.
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[3B K-- L. [L11 :[-.?. f (F (13 - ,

h'I

EB

( (6) Equation (13) satisfies the formation of a -*-
-'M B 41% 16 B]loads equation/transformation. However, to

B complete this section, more discussion on
0 '1modal" coupling is in order.

or Equation (5) represents the discretely
coupled equations of motion of the system.

hB = EIBBB.- EBn T (7) To switch to a modally coupled equation, the
following expression may be used.

-'* Assuming there exists a set of normal elastic 2"" *
modes (constrained at the interface) for com- h, "
ponent B, ; %

-A> A (14)

h B EB (8) h B B CB

Substituting equation (8) into (7) yields cantileveed modes of component-A,.[B T { T.] I
1- IOB =cantilevered =Ddes of component-B, ONow equation (1) may be expanded by first sub- based onK =ITMB and

"" stituting the second row of equation (4) into T --" (1 = iBKBBB]",",(9)

Snifree-free* modes of total compo- .

ImL = kk [IB 3B l B hl (0 site system reduced to the inter-
face dofs, based on+ TB  andIt

Sand then substituting equation (9) into (10), T T
-(-" KI - ATA + TiT B .

IL I [kO] [1][EB [ITB][-M({ [IJO}] "-) '
.. Note -if either component-A or component-B '"

other than I/F deus, then the edes, 01, will+ ["][TB] B I (11) reflect the composite structure constraint

(i.e., 01 will e constrained oes). It

CB . should be inoted that if the composite system "
[UlTJ'1- i 

+ 
[T2] h, (12) is free-free, then 01I contains the rigid bodyi . -:,

modes. If the interface is determinant, then,-.eKI" 0., and I is simply a rigid body mass

WEquation (5) could now be used to obtain an mtrix, and Il is only rigid body modes. Sub-expression for hI in tes of applied forces stituting (14) into (5) and preultiplying by

.and accelerations (similar to what was done (14) transposed yields the inertielly modalfor 3B in equation (7)), owever, expansion of coupled equations of moton, orcomponent-

• to point out that hl will in fact be wnritten 1 01 TAAIAOlA: O jI BOiB - j''in terms of applied forces and system accel- T I '-.erations and w11 not be left as a displace(ent iAAATAill I

Lirterm. So, in equation (12) let T c it constraint

T il ( T A F + T F B  1)=w il' #F A  ". %
and finally, equation (12) may be written as x, a 1 i b

* exrsinfo 1 i ersooplidfre stiutng(4)ino'5 ad-reuti.yngb

a e o ma a( r d s n y

f(sq

W-V i s superfl fo this di s i sic TT W -

to pon ou tha %1 wl nfc ewitnr i OTM~~

in~ ~ Z'~- focsad aclT A' IB~1 0

term syteer ti n an %il n t b e t a i p a e e t[ A A A A I



Equation (15) may be used in the form shown are, again, somewhat cumbersome to form. Ex-
for further transient analyses, or the modal pression (19) represents member loads due to ,,

[ mass and stiffness coefficients may be used in unit interface displacements. This portion may
another eigensolution to form be formed by applying unit loads to each of the

.1** degrees-of-freedom of the interface, one at a

time, each time with the other interface
degrees-of-freedom being fixed. For each ap-

(16) plied unit load, a column in the above matrix
A ' A [C pc (16) is formed which can be normalized to unit de- .[0c] I B) flection at the interface. Another feature of

the unit load solution in this application is
that in addition to formation of the load

Equation (16) may now be substituted into (15), transformation, the constraint modes matrix
TB is obtained as a by-product. Each column 0

then premultiplied through by (16) transposed o isatnn
to yield diagonal coefficient equations of ofa e dege-ff e me f aut e "-inter
moino"tefr face degree-of-freedom for a unit Interface...'

.. motion of the form deflection. This matrix is also required for

modal coupling as discussed previously and
[l i +] F21 j{ /again direct formation requires large matrix ... -

[I] ILC + 1c l~dinversions and multiplications.
% 

OTI (TF + T F)
AA BEB EXAMPLE PROBLEM

-."[ 0T] OT
2  

(17)
C A The subject load transformation methodol-

. T F ogy was used with the modal coupling proce-
dure on the component models of an example - ..
problem shown in Figure 2.

A damping term may be included in the above
equation using generally accepted practices.

1 7 1 1 6 19 22

UNMIT LOAD SOLUTION ) 1

The procedure outlined for development of 14 - - 2. 2

the load transformations in equation (11) in- .5

volves direct matrix multiplication which can _n A2
be cumbersome for large matrices. An alter- L:x Coe. copo,.,t X S
nate approach is available through a unit load 9Z Q"

solution, which is a feature of most finite
element programs. Examining the terms of F R 2 C PE M L O
equation (11) reveals that FIGURE 2. COMPLNT ODELS FOREXMPLE..-.' PROBLEM-:.-.

[K'P] ['B] [EB] [IT] (18)

An "exact solution" for comparison was ob-

is actually a coefficient matrix which yields tained using the total system model as shown
member loads due to inertial and/or applied in Figure 3.
forces on component B with a fixed interface.
This portion of the overall LT1 transformation
is often a most cumbersome matrix to form due
to potentially very large payload models now 40, (1.061 m)
being generated. However, as an alternate to 30"

the explicit formation of K* EB, a unit load (.762 m)

solution can be employed. Applying unit loads .
successively to each of the non-interface [K E7

• . degrees-of-freedom, yields a column of the
*. transformation for each unit load. MB and OB....""

are readily available, however TB (the con-
straint modes) and the other coefficient of •

equation (11) LT2 or FIGURE 3. TOTAL SYSTEM FOR
EXAMPLE PROBLEM

:-..-.-.-.%

"Ki f (19)'...

"' ~~106..'',

.'' ''..-...'''.. ,-..-..-....-.. . '.-.",.. . ".','..", ,,'. .' %* . ..'-"'.'-.'- ..''''.-''.."'- '



%Component B represents a payload while compo- component B load transformation (expression-
nent A represents a boost vehicle. The redun- (18)) was formed using unit load solutions with *

dant interface is indicated at joints 10/13, the interface joints 13, 14 and 15 fixed in all
11/14, 12/15. Pinned jointed trusses with 2 degrees-of-freedom. Figure 4 shows structural N

*degrees-of-freedom at each joint were used. deflections and member loads for typical unit
* The truss memers were assigned axial stiffness load applications. The displacement dependent

of 40 lbs/ in. (7000 N/rn). Mass of 0.10 lbs portion of the component B load transformation
sec2/in. (17.5 Kg) was assigned to joints 7, (expression (19)) was formed using unit load ''

8, 10 and 11 and 0.01 lbs sec2/in. (1.75 Kg) to solutions with the results normalized to unit
- ~ all other joints. interface displacements. For each of these

load conditions all interface degrees-of- 9

Load Transformation for Component B Using Unit freedom were restrained except for the degree-
Load Solution of-freedom where the unit load was applied.

Continuing this procedure for all interface-
The inertial load dependent portion of the degrees-of-freedom completes the load trans-

formation. Figure 5 shows structural deflec-

-. 131 -. 1909-5

-. 1738 -. 0580 -0240 -.0772 .1703 . .771 , -

N", .'-i - N.10

.992 .0 0

00

FIGURE 4 -TYPICAL STRUCTURAL DEFLECTIONS/MENBER LOADS FOR UNIT APPLIED LOADS 9

~ *:e3, ~ 5l'.9 .538

-0.950 -2.319 . 2 
- 1,o0s~,.

-52913."0 4.639 1.923 9 ' 9

.4 ..

469-6.37 .5.249 .3

6.165

40.0V

404..

0.9

180.00

FIGURE 5 -TYPICAL STRUCTU3RAL DEFLECTIONS/MEMBER LOADS FOR UNIT INTERFACE DEFLECTION
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tions and member loads for the unit interface the initial uncoupled equations of motion for
deflection cases. The deflected shapes shown, component A and component B were written (see
as previously indicated, represents the con- equation (2)). The two components were con-
straint modes of component B. strained at their interface dofs to obtain

constrained modes and frequencies, 0 and w2,
Transient Response Analysis and Loads Copari- and from the component free stiffness matrices,
son constraint modes, T, were obtained. Using KI

and M I (see equation (14)), 01 and w4 were
A transient response analysis was con- also obtained. Having this information,

ducted on the combined system (Figure 2) to equations (4) and (14) were combined
affect an "exact solution". p

.6 h TB 0l lA ]
=a .&A (22)Bg Bs I I B .....I.

0 .2 oand applied to equation (2) to form equation
, (15). The 'odal modes" of equation (16) were

__ then obtained and used to form the final modal .

0 O01 1.0 equations of motion, including damping, rewrit-ten here... ;
Time (Seconds) tenhere

FIGURE 6. FORCING FUNCTIN[I +

The force time history shown in Figure 6 was .. 'applied to the X degree-of-freedom at joint 2 + [2] JC(t)) = T *

on component A to simulate a booster thrust C C

transient condition. a.-

For the "exact solution" composite system FT 1~ Ft
free-free stiffness and mass matrices, KAB and I T A A''t)

MAB, were obtained by discrete coupling of the FA (t) (23) "
component stiffness and mass matrices. Free- [ T -A--

free modes, OAB, and frequencies, w
2AB, were B 0

generated using KAB and MAB. A transient
analysis was then run using the form (1% damping was assumed)

+ [0. AB]J&'ABt))Note that the size of this modal system is

[I] JAB(t) + dependent on the number of component modes
(columns) kept in equations ((14) or (16)).
Since modal truncation is known to affect the

+ [ 2 [ F(t)) (20) accuracy of the final results, member loads
"AB were calculated for two cases: 1) using all .

(42) available component modes to insure that
Note that all modes of the A/B system were kept any member load discrepancy from the exact
in generating the above coefficient matrices, solution was not a function of modal trunca-

The member load time histories were then de- tion,, and 2) using only 30 modes (frequency,.-- a.
termined using the form cutoff at 15.0 Hz) to insure that the use of ", .

the subject loads transformations are not %"

[ critically sensitive to modal truncation (as -
.L(t) = [K E F~t) can be a modal displacement dependent loadsB] ] [AB]

Li transformation). Loads results are tabulated
in Table 1 providing a comparison between the

r ] r AB ]  "exact solution" and the proposed load trans-M AB] (t) ) formation methodology consistent with modal

i- :synthesis techniques.

* tThese "exact solution" results are tabulated 0
- in Table 1.

wrThe modally coupled equations of motion
were generated next. Referring to Figure 2, ... ,.

a..

. . % % % % % % % %
--, I ,?,~~~~'~' %.ww- - -- - -~

r- - .-- e--. -a -r .- a .~w--v--------- .-- . --- a.~.. .



TABLE 1. dant load paths (eg., other booster stages)
COMPARISON OF LARGEST VALUES OF behind component A. Similarly, the booster 41

MEMBER LOADS (FORCE UNITS) developer can make changes to the interface
properties for an evolving boost structure

______]____ ____________ without impacting the payload model. In- -, -

Modal Synthesis Method cluding the LT2 affects into the loads com-
putations assures the additional payload loads

Member Exact All (42) due to applied and/or inertial loads on the "
No. Solution Modes 30 Modes lower structure, i.e., LT2 is a "feedback" '-

1* .0956 .0956 .0950 term which potentially produces the additional * -" loads.
2* -.0597 -.0597 -.0581

3* -.1919 -.1919 -.1990 Utilization of the modal coupling tech- 0
4 .0811 .0811 .0812 nique employing "interface modes" reduces the
5 -.0690 -.0690 -.0664 amount of work the booster contractor must do'..
6 -.1232 -.1232 -.1238 for each payload study by eliminating the re- .
7 -.0581 -.0581 -.0561 quirement for "cascading" the effect of the _
8 -.0667 -.0667 -.0647 payload and upper stages for conditioning of
9 -. 1229 -.1229 -. 12651.25 0 the uncoupled booster modal analyses (Refer-

10* .0825 .0825 .0824 ence 1). The interface modal information can
S11" -.0666 -.0666 -.0674 be used even if the payload structure does not12 -.0616 -.0616 -.0632 .
13 -.066 -.0766 -.0722 tie to all interface points or degrees-of-
13 -.0766 -.0766 -.0722 freedom. The effects of truncation of modes
14 .0457 .0457 .0477 using the "interface" modal coupling method
15 -.0506 -.0506 -.0491 are still being investigated; especially for
16 .0337 .0337 .0359 the case where degrees-of-freedom are not -* "
17 -.0314 -.0314 -.0298 used by the adjoining structure.
18* -. 0656 - .0656 - .0677
19 -. 0562 -. 0562 -. 0535 O
20 -. 0602 -. 0602 -. 0557
21* .0959 .0959 .0906 REFERENCES .
22 .0650 .0650 .0641
23 .0609 .0609 .0614 1. Benfield, W. A., and Hruda, R. F., '

"Vibration Analysis of Structures by .'
Members connected to interface joints (refer Component Mode Substitution", AIAA
to Figure 2) Journal, Vol. 9, No. 7, July, 1971,

pages 1255-1261.

Examination of the Table 1 comparison

,. shows that where all the modes are retained, -.. '
precisely the same loads results are obtained
with the proposed methodology as with the
exact solution. Truncation of the modal in-
formation shows some minor deviation from the
"exact results", consistent with normal expec-

tations of modal coupling. The importance of , %
the latter comparison is to show that the load
transformation methodology results do not
diverge as a result of modal truncation. This
is to say that where large systems are involved
which require modal synthesis, modal truncation
is also required and minor errors are expected.
The load transformation methodology does not •
represent a further compromise.

CONCLUSION

It should be noted that LTl and LT2 of

equation (13) can be formed by a payload de-

veloper without knowledge of the booster
interface structure other than interface %
geometry. Further, due to the final form of

. LTl and LT2, it does not matter whether or not
there are more components with further redun-
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REDUCED SYSTEM MODELS USING MODAL OSCILLATORS FOR SUBSYSTEMS
.* (RATIONALLY NORMALIZED MODES) .'.

F. H. Wolff and A. J. Molnar
Westinghouse R&D Center

Pittsburgh, PA 15235 •

This paper develops a method of using modal oscillators to represent
complex structural subcomponents which can be applied to unidirec-
tional models. It is shown that the oscillator mass must be the
effective mass to guarantee the correct total system characteristics.
Furthermore, when the modes are normalized in a specific way the
effective mass and generalized or modal mass are identical.

INTRODUCTION acteristic shape of that mode. Since each
mode can be arbitrarily multiplied by a con-

Finite element methods using matrix tech- stant, there are several normalizing schemes
niques are being used extensively for dynamic which are employed. For example, modes are
analysis of complex structures. For linear often normalized such that the maximum ampli-
elastic structures matrix reduction schemes tude in each mode is unity or sometimes the .'-..-

*- and modal solutions using reduced numbers of normalization is such that the generalized mass
modes are valuable methods for obtaining is unity. However, for these normalizing tech- "'-. -
dynamic solutions of large mechanical systems. niques the modal response (q) has no physical ,.
Many of these systems involve interaction significance. Furthermore, the mode shape
between subcomponents which in themselves amplitudes of two distinct modes relative to
are quite complex. each other have no physical meaning.

This paper reviews and extends a method F. J. Heymann [I] gave a terse treatment
- of reducing a class of complex structural sub- of "rationally normalizing" mode shapes. His
- -components (unidirectional models) into modal work is extended in this paper to demonstrate -

oscillators which are dynamically equivalent to that whem modes are normalized such that "
the subcomponent mode they represent. These participation factors are unity, a necessary
oscillators can then be attached to the main and sufficient condition is established for

- structure to become part of the overall system "dynamic equivalence" between the modal
- model. If the overall system model is linear, oscillator and the physical mode it represents.

reduction or modal methods can be repeated to That is, the energies (kinetic and strain),
further reduce the total system. external work, momentum, and inertia reac- .

tions are preserved between the systemA brief review of applicable normal mode response in a specific mode and the equivalent
theory is presented which includes modal modal oscillator. This paper shows that if the

- effective mass, unity participation factors, modes are normalized such that the participa- -
rationally normalized modes, restrictions, tion factors are unity the modal generalized -
etc. Two illustrative examples are presented. mass is automatically the modal effective mass

which satisfies the dynamic equivalence
condition.

DISCUSSI ON
Modal oscillators are particularly con-

The distinguishing feature of a normal venient to use when only a few modes of vibra-*-, mode is that the system can vibrate freely in tion are required to describe the vibratory
that mode alone and during such vibration the response of a structure or some subcomponent
ratio of the displacements of any two masses is of the structure. For example, in seismic S '
constant with time. The ratios define the char- analysis usually the low frequency modes (0 to

J* 1.777-, •
*s .. ..

%" %.

. . -. ... 1-7 . , • '.',,- . -,' A, -



30 hz) are of concern, consequently, the higher where
frequency modes can be omitted. Also, in
force excited systems where the location and Z the subcomponent connection ".% -%

nature of the externally applied forces are (support) motion of point A, "
known only selected modes may be required. .s th

qa thesubcomponent a modal
An example is given where modal oscilla- acceleration,

tors were used to represent the lateral vibra- th
tion modes of steam turbine blades which are qa the subcomponent a modal .
excited by torsional oscillations of the main displacement, -
rotor. Moreover, the mass of the oscillator '
(which must be the effective mass of the lateral w a the subcomponent ath modal natural
modes calculated to a fixed base) is converted a frequency,
to the corresponding rotary inertia which is
dependent upon the rigid body effects of the a= the amplitude of subcomponent mass
rotor radius. Finally a combined system j, point j in the ath mode, :
torsional model is illustrated. N

MG s" ms (s2 th mode

MODAL OSCILLATOR MODELS OF m jaSUCMOET j =1 "
SUBCOMPONENTS generalized mass,

The use of modal oscillators to represent KGs= s5)2 s = the a~h mode general-
subcomponents is developed for a lumped a aMGa
parameter unidirectional model (Fig. 1A). ized stiffness,

N
Following a modal transformation (assum- s  the th

* ing the subcomponent has a fixed support at A, FG ,a mode general-...
* Fig. 1A) aj=1 . ,,.

jx}=[~ r~qj i ized force. ,.-
xsj[e qSj (I) . - - -

The coefficient of the support motion (Z)
where term can also be expressed as

{xS}= {x': j=1, N} is the absolute dis- N
1~52 Y ms. O) MG P

placement vector of the mass points G, m s s = (as G s
of the subcomponent j=l j, a a a

4 40 ,a : j=l, N & a=l, N] is the modal lPl KG (3) " 6

aa
matrix - "

IqSs=qa: a=1, Njisthe normal mode where '

displacement vector N i ims  S ,',',.,.

The equations of motion of subcomponent (s) mj -j,a mi4- _
can be written in terms of normal mode s j=l (4)
coordinates. For the ath mode a N (4- )

ms 16s 2

MGa ca + KGa j= j,

N is the participation factor for mode a. There- ".' j, .
=FG +{(w) 2 Y ms 0 2 fore, Eq. (2) becomesa a ( J, a)}()

=MG q KG q FGa + P Z (5) .. , ... "
a a a KGa "a

. , * . . .. e * w * - \ _. % V -."2. " % ." %.." ". %.;' N' .. ". -*"" / .' $,I "-.'": %'. " .C -'e@i%'.-



In order for Eq. (5) to b te equation of to another structure which is not scaled, pa
motion of a modal oscillator the participation must be unity to obtain the proper total system
factor must be unity (Pa. = 1. 0). This can be model.
ilustrated by examining the equation of motion%
for thie system shown in Fig. IIB. In matrix
form the equations are

0 0 FN XSIL

X.I

0 0Mu 0 XM FSs
I~~ subWaPW- is)

8G .. 0....0MG_ MGl
_ _ _ 0 OMG F1 -S IG -s

(6) Z IjIZa

nodeM fob 1

-KG
5 

0_ -K X . K WE~ L2.I

-K 2 . 0 G.KJF mr
NF

KM ~KG'X M nab I I

0----0 -KG
8
I KG

8 
0 - 0 q'' G8

1~~ 11 I(A) 0 B)

Ka 8 a

0 - 0K0 - o KGJ qC8,Lvq Fig. 1 - Unidirectional lumped parameter
multi-degree-of -freedom system (IA)

Taking the equation (row) corresponding to and "Dynamically Equivalent"
the At mode of subcomponent (s) from Eq. (6). model using modal oscillators

for subcomponent (1B)

Ma a~ KGq 7 FG + KGiX (7)
RATIONAL NORMALIZATION OF NORMAL

Comparing Eq. (7) to Eq. (5) with the attach- MODES
ment constraint

It can be shown that arbitrarily normalized
xm Z mode shapes satisfy the eigenvalue problem [2]

m however, in order to satisfy Eq. (8) (Pas =I) a
requires normalizing factor a Iis needed which will

guarantee this condition. Consider newly scaled
aG =KG 6 scaled mode shapes *-

a a a0
* -s ss9)

or (8 #jaaja

p5  1.0 () The new participation factor becomes

Also dividing Eq. (5) thru by Pas gives the N N
equation of an oscillator whose coordinate isMs a X ni(P A
(qj/P~j; i e. , 1/Pag is in effect a scale factor j~

Ps~ ~ a~ jj
for a modal oscillator. In cases where there P ______- ja N N
is prescribed base motion the scaled modal

s7 ( 2 s~ 2 s2
oscillator equation gives the correct results; qm~ a Q a m!
however, when the modal oscillator is attached j=1
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S.7

Applying condition (Eq. (8,) gives for mode (a) with effective mass and unity par-
ticipation factor of subcomponent(s) is

N "dynamically equivalent" to mode (a) of sub-
component(s).

P0= (10) FA KG G GsZ (14)
a N a aa aaa a

Sm; (pja)2

j=1 SHOCK AND SEISMIC RESPONSE SPECTRA
ANALYSES

or the normalizing factor is the participation
factor. The rationally normalized mode shapes For a system which is base excited only

Stbecome

8 a = p  ja (11) with amplitude I z, the equation of motion is

The generalized mass corresponding to the 'Ga qa + g a 'a = KUa Z ==a I ZI f(t) (16)
rationally normalized mode shape is af

N"N from which the static response is

s m , a)2=(Ps)2 I m;(i,a)2 a (static) =ZI (17)
a,. j=1 j=l 1, -

Therefore, the ratio of the static response of

N 2 ~mass point is inany two modes uand vis
Identically the ratio of the rationally normal-

m a) ized mode shape amplitudes % -

.. (12) xj u (static) _j,u u (static)

•X.m ( x , v (static) j, v 'v (static) -j,v

because .

which is the effective mass for mode a.
Furthermore, the effective mass which is (
invariat u (static) = v (static) (19)

In other words, the rationally normalized mode
m shapes determine the relative importance of

.. ;Ja the modes of vibration for the static response.

E 1E = 1s ) Of course, for the total dynamic response the ,

a resonance or dynamic load factor must be , . ,
. aS 2 included. However, when motion is suddenly

i. , m~a) applied to the base'"" ~J=l ,"":

*' IZ I for t >0
(N \2 Zt==/0 fortZO (20)

.m J, a) The dynamic load factor [4] is 2 for all modes

- ' j'1 -"ME 8  (13) such that the rationally normalized mode shapes-ME (13) .-.- ..

Na are the sole indication of what modes areXP m (s 2 important.

J=L For a response spectrum analysis such as
used in seismic calculation, the modal re-

has been shown by others [1, 3] to satisfy sponse can be read directly from the spectrum
"dynamic equivalence" between an oscillator and when the modes have been rationally normal-
and the system in the mode the oscillator ized. This eliminates the need for using par- ' " "
represents. Therefore, the modal oscillator ticipation factors to evaluate important base
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excited modes in shock or response spectra for the elgenvalues. One set of arbitrarily -

analyses; mode shape amplitudes and natural normalized mode shapes is
frequencies determine what modes are
important. ~~J68(23)

I(D]= '.18 -.618]. 1.0J
NUMERICAL EXAMPLE TO ILLUSTRATE

EFFECTIVE MASS IS REQUIRED TO GIVE Therefore, the generalized parameters cor-
* CORRECT OVERALL SYSTEM responding to mode shapes of Eq. (23) is
* ~FREQUENCIES .. ~. x

The model of Fig. 2 is used to show that MG=m(061) ())=1.39m
the effective mass is required to obtain the KG1 0. 382 - 1. 3819m =0. 5279r.;

MG 2 =m((- 1. 618) 2 + l))= 3. 6179m; ,.*

M KG2 = 2.8618 1E3. 6179m =9. 4717,&;2 II
k ~m - m(. 618 +1 -. 78(4

k ~1 2 rtoal

(2A (28) L P 2 ~ ~ 0.1708J 42S

theoenalized paaeerr

-. 71117 orcllaor rereen scmpni 1=2, 2)2 -. 1708 0. 708

when~~th aeeaie suacometnes ismdeeritscia
%

tors.~~NM Th rqec euto o tetoms (O. 7236 + 1. 1708) 1.0 894
sbopnofFig. 2 A-Mdlt Ist efetvems

= ME, W = 0. 72306.,;

* ~~ ~sse Theunce total sytmofFg.2dhstelhr

whicha gsbopnn iseisi equationhscila

sucopoen 2f kig 2 km 26+110)10

3k 2kk 2k-m27 -- 0.10).01)T(6

0 kk 2-w
W 0. 82 W 2.61 IL 2115
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or MODELING TURBINE BLADE, DISC EFFECTS
IN TORSIONAL MODELS OF TURBINE-

6 k 4 k 3  GENERATOR SYSTEMS
W- 4 .5 4 + 5-- 2 _ k=0 (27)mn In Oscillator models are particularly useful

when crucial modes of vibration can be clearly,..
which gives identified; e.g., to investigate the torsional .-

*. vibrations of a turbine-generator system due to
2 24- -k phase unbalance in the electrical load distribu-

, 0 tion system. Phase unbalance causes a 120 hz
223oscillating component of generator air gap

k f(8) torque; therefore, system modes at or near S
2 1 2 4. 120 hz are of primary concern.

2 I2 8 8 9 k = Since turbine blades (or blade groups) and
289-,f=0.27 .

3 I 3 M discs (axial direction) are mechanical compo-

nents which have frequencies and vibration %
. The "dynamically equivalent" modal oscil- modes of the total rotor. The dynamics of the

lator model of Fig. 2B has the characteristic blades, etc. can be conveniently incorporated
equation in a lumped parameter model by using oscil-

*.,-'. lators to represent the important modes of the , "- .
2 0 02764k - 2 -.2 blades. The dynamic effects of the subcom-

.- 0 0 ponents on the total torsional system modes can
-0.-0.6k 0.76k - 40be represented by using a model oscillator
-0.2764k 0 0. 2760- 0. 1056m. attached to the main rotor model which con-

tains the effective modal inertia of a blade or
or blade group mgde (a), IEa, and a spring con-

stant, IEa(wa) . The effective subcomponent - •
6 k 54 2  k 3  inertia of higher modes is considered to be fol-

4.5 w 5 w -- i =0 (29) lowing the rotor; hence, this inertia is lumped .
. m with the rotor to conserve the total inertia. -'

which yields the same natural frequencies as Any structure such as a turbine blade group
the original model (Fig. 2A). can be discretized into nodes with lumped mass

and stiffness (finite elements); accordingly, the -,' .1

On the other hand, consider what happens equations of motion (Fig. 3) can be expressed
if the generalized parameters corresponding to in matrix form for relative motion
arbitrarily normalized mode shapes (Eq. (24)) rM rr, ri [M]]

' are used. The frequency equation is [IN}+ [K]u} = [[M] X] + R M R} (32) r "

2k+ 0.5279k + 9.4117k - 2rn. -0.5279k -9.4717k or rotor angular accelerationle R1 where

-0. 5279k 0. 5279k- 0. 3ri9m..0.r
-9.4'17k0 9.4717k - 3.6179m,. 2UJ={Y}j= I]+[X {9R} (33)-9. 4717k 0u M% [R11 1X] 8R

* or and• or

2 3 [X] = matrix of distances from blade root
6 -9 4 + 6.5 k 2 ( to nodes"[-i,:. ) - m --=- =3 O0 (30)".-., . ,..: .,

{Y} = absolute displacement of nodes

which gives uncorrect total system frequencies. { u} = relative displacement of nodes

W- 0 .218 f, f 0. 074rjw 0 [I] = identity matrix

r =0.5574 k , f 2 =0. 1188F R = radius of turbine disk
02 o2 m (31) .

2 = 8.224 4  ' f =
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The effective inertia is then

y (L , , I E = ( 3 8 )
'U (L't) a MT a

L For rationally normalized mode shapes the "
modal oscillator is dynamically equivalent to O
the blades vibrating in mode (a) and attached at . -

e 44 .. . Y a radius R on the rotor. Since the participa- .
Root Y, __b.vb  tion factor corresponding to rationally norm al-

&b= ized mode shapes is unity, Eq. (36) becomes .-I
R D isca +  ( ) q a - R( 3 9 ) - 0 . +_.

Once having the modal oscillator model of
3A A B a blade or blade group, the combined rotor and

blade dynamics can be investigated as a tor-
Fig. 3 - Schematic of a turbine blade slonal system as illustrated in Fig. 4. The

and disc equations of motion for the 2 inertia model of ."Fig. 4 can be written as

After the normal mode transformation F
a) 2 I a 2 

E  
R Torq - ,..

{ u } = [ ] { q } ( 3 4 ) 2 ()
2 
1 E 0 l ,a -.IE~ JlC (-)11i

is applied, the modal equations of motion
become

* [M G]- ,I [ T [M j [x-
+ R[Z]T EI] {R} (35) %• 

ORR

where the generalized mass matrix is (4a +OR)

4. [MG] = [4)]T [M] [4]

or for any particular m ode (a) 2 "E " "

* 2 q IR a
Sa +  ) q R

rr"Xa Fig. 4 - Torsional model for rotor and
" { a+ M ~ a 6 R X a blade or blade group .. '

"" = - R + = - e R (36) 
:+.. .

The physical displacements (relative to
a = M s Oj, a rotor) of the blade or blade group at any node i S

in mode (a) are given from Eq. (34)

a =  j j j,a '- -'(t
ui,a i, a ia ( )  (41)

i, a~
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To include additional blade modes in the maintaining the physical properties. Simplified ,

torsional model, parallel modal oscillators models not only reduce time, cost, and effort .' ,.

are added representing desired modes. in analyses but also give insight to the physical
phenomena. This paper establishes a modal

Fig. 5 shows the cross section of a spec- oscillator which is dynamically equivalent to a
fic low pressure turbine design which con- particular mode of vibration of a system or
tained blade groups (L, L-l, L,-2) having subcomponent of a system. In summary the
natural frequencies near 120 hz. Fig. 6 following conclusions may be stated: %
illustrates the lumped parameter model of a
turbine-generator unit used to investigate (1) Oscillators may be used to model sub-
responses to phase unbalance. Both the first components any time there is a single
(L-1)1 and second (L-1)2 modes of the L-1 attachment node. 0
blade groups were included in the model.

(2) The mass of the subcomponent oscilla-
tor must be the effective mass in order -

to obtain the correct total system
characteristics.

(3) Scaling the mode shapes such that the
participation factor is unity has been e.

labeled rational normalization of modes
and guarantees that the generalized
mass equals the effective mass; there-

"-"" fore, the subcomponent modal oscilla- .'.

b 7 .I. . -tor becomes dynamically equivalent to
a specific mode of the subcomponent.

-. .,"; ! (4) Rational normalization of the modes
gives physical significance to the ..-.

amplitudes of the mode shapes.

(5) Rational normalization of modes elimi-
nates participation factors as a criterion
for determining important base excited
modes of vibration.

Fig. 5 - Cross section of a typical '

LP turbine (6) Rational normalization of modes allows
the modal response to be read directly
from shock or seismic response
spectra.
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CHARACTERIZATION OF TORPEDO STRUCTURAL

MODES AND RESONANT FREQUENCIES

C. M. Curtis, R. H. Messier, B. E. Sandman
Naval Underwater Systems Center

Newport, R.I. 02840

and

~~~R. Brown .-

Bolt, Beranek and Newman~~Cambridge, Mass. .

A typical torpedo can be described as an assembly of complex .-. P,
structures contained within a ribbed shell of variable shape.- .
and thickness. For this reason, the generality embodied in
the finite element method lends itself well to the construc- -.
tion of an analytical model of a torpedo structure.

In the present study a torpedo shell is modeled with plate
and beam elements while internal components are represented
as discrete masses on spring mounts. Analytical procedures
and test data were used to formulate the various internal
component models. Upon completion of the modeling, valida-
tion of the finite element model was gained through com-
parison of an eigenvalue analysis with the results of test
data obtained during full-scale vibration of a torpedo.
This investigation establishes a validated modeling techni-
que which provides the basis for the prediction of transient
shock response of torpedo vehicles under an input time
history via time-space integration of the assembled set of
dynamic equations.

BACKGROUND the effective design of shock isola-
tion mechanisms in proposed and exist-

The structural elements and inter- ing undersea weapon systems. A co-
nal components of a torpedo are sub- ordinated effort of experimental and
jected to severe environmental condi- theoretical analyses provides the basis
tions. The ability to withstand for establishing torpedo shock design

* various forms of shock or explosive factors. By experimental validation
loading is a most critical aspect of of theoretical modeling for torpedo
torpedo design which directly influ- shock dynamics, a confidence level is
ences the functional capacity of the determined for the theoretical evalua-
vehicle and its components. Shipboard tion of proposed design modifications
shock waves transmitted to stowage con- for shock mitigation in existing and
figurations, in-water explosive load- conceptual underwater ordnance.
ing, and water-entry shock are forms
of severe dynamic loading which can
alter or destroy the vital functions of INTRODUCTION
the component parts of a torpedo. .. ,

Thus, with regard to torpedo component In order to analytically simulate
structural design, reduced levels of the dynamic response of a torpedo and -i-..' shock sensitivity are criteria of its internal components under shockj..%-..

major importance. The identification loading, physical properties of stiff-
of shock wave transmissibility and ness and mass must be characterized
amplification factors is required for for each element or section of the
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structure. Since a complete torpedo use of high-order elements results in ..-
configuration is composed of various relatively many grid points and degrees
complex structural elements, analyti- of freedom, and their use is geuerally
cal modeling presents a formidable avoided for economy reasons in that
task. For this reason the dynamic class of problem.
model of a typical torpedo structure 0
was composed using the finite element In the modeling of a tor-
method. The torpedo hull is divided pedo for shock and vibration analysis, ,.

into primary structural elements such the major concern was accurate repre-
as beams and plates. The internal sentation of basic beam modes of the
components are modeled as discrete structure, since the results of pre-
masses with spring mounts. The com- vious test series indicated that these
plete structural model is constructed modes dominate the low frequency dy-
by coupling the various component namic response of the torpedo.
elements together in the appropriate Accordingly, the decision was made to
configuration with continuity require- employ constant stress, linear dis-
ments enforced at the nodal points of placement elements in the modeling.
connection. An eigenvalue analysis is This approach was consistent with
performed to determine the resonant accurate characterization of the bend-
characteristics of the relatively low- ing modes and lower shell modes, yet
order torpedo structural vibration ensured feasibility of the dynamic • -
modes. The analytical predictions are analysis on economic grounds through 0
compared to experimental results and limitation of the total number of %.1%
good agreement is exemplified. Thus, a degrees of freedom in the model.
validated model is provided.as the
basis for the prediction of transient Figure 1 presents a com-
response under various forms of shock puter-generated plot of the finite
loading, element model for a torpedo. The shell

is modeled with triangular and quadri-
lateral plate finite elements. These O

THEORETICAL MODELING AND ANALYSIS elements incorporate a linear displace-
ment, constant stress interpolation .- "

A. Basic Description and Illus- function, as mentioned previously, and
tration of Finite Element Model have three and fu-tr node points per

element, respectively. Figure 2a
1. Shell provides a graphic description of the

individual elements and typical inter-
In application of the polation functions for displacement. O

finite element method one of the key Each node point for these elements is
decisions which must be made with allowed 5 degrees of freedom, including
respect to the mathematical model con- three displacements and two rotations.
cerns the amount of detail to be in- In general, the rotational degree of
cluded or, in other words, the "fine- freedom with vector direction perpen-
ness of the mesh". The degree of dicular to the plane of the plate
subdivision and the numbers of elements element must be constrained to be zero,
and grid points required to accurately as shown in Fig. 2b, accounting for the _
model an occurrence depends strongly missing rotational degree of freedom
on the type of finite element being from the classical description of a
used in the modeling. Basic to the particle in space. This omission is
mathematical formulation of any finite made necessary by the fact that no
element is the interpolation function, stiffness term is generated for the
which describes an assumed form for in-plane rotational degree of freedom
the spatial variation of stress through within the formulation of these
the element. Some elements incorpor- elements. However, in cases where two
ate a linear stress variation and these plate elements are joined together at
are referred to as high-order elements, an angle, as in Fig. 3, the in-plane
With a linear variation in stress rotational degrees of freedom along
through each element, a rapidly vary- the junction may be left unconstrained

*: ing stress distribution can be due to the fact that in-plane rota- ..
accurately modeled with fewer elements tional degrees of freedom for those
than would be necessary if constant nodes become bending degrees of freedom

• stress or lower-order elements were on the opposite element.
used. Accordingly, high-order elements
are generally used in static continuum The complete shell model
mechanics problems where the spatial including control vanes, damping vanes,
variation of stress throughout the internal bulkheads, and shroud required
structure is difficult to predict, a 208 grid points (1248 degrees of free-
priori. However, in the case of a dom) and 375 plate elements for a
structural dynamics calculation, the model consistent with accurate repre- - !Z4

120

a- .~. * ' '~' '~~.ir 1&.0



4V A

Fig. 1 - Torpedo finite element model
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sentation of the basic bending modes element computer program for the beam
and lower shell modes. Since the elements. The torpedo stiffeners were
stiffness of a shell structure is simulated by distribution of beam
obviously related to the shell thick- elements around the shell circumference .;.P
ness, full account of the variation at appropriate points, as shown in Fig.
in thickness along the length of the 5.
torpedo was taken in the model.
Furthermore, the torpedo is a ring- The torpedo shell sections
stiffened shell structure, with many were clamped together with joint bands.
stiffeners and built-up sections along These bands were not included in the
the length. These effects were torpedo model, based upon the assump-
included in the model through use of tion that, together with the built-up , .
beam finite elements. Figure 4 depicts sections which they clamp together,
a beam finite element. Each beam the bands form a short region with
element has two node points with 6 higher stiffness in both bending and
degrees of freedom per node. Stiffness tension than the basic shell. This
terms corresponding to bending in two assumption is justified by calculations
planes, tension/compression, and tor- of the joint band bending and tension -.
sion are generated within the finite stiffnesses presented in the Appendix.

"" a
20

a." , .'

..% /X.U RING OF " ''' '
s. Z~~~BEA EL IEMENTS-.'..

displacement

:a. interpolation functions

u qlx + q2y + g3 z + q4

%" v q 5x + q6 y+ q 7 z + q8

W q9x + ql0y I qllz + q12  Fig. 5 - Distribution of beam finite ,
elements around circumference of

Fig. 4 Beam finite element description shell model

2. internal Components shell model using linear springs, as -. '
shown in Fig. 7. The nose package,

The main purpose for control package, and engine were model-
development of the finite element model ed using this procedure. Figure 8
for a torpedo was to predict the shock summarizes the modeling procedure for .
response of the weapon. Included in the engine. The tankage sections were
this prediction must be the accelera- simulated by applying a distributed
tion levels seen by the internal corn- mass loading to the plate finite
ponents of the vehicle during shock elements modeling those sections, as IV
loading. Accordingly, the internal shown in Fig. 9. It was believed at
components were modeled using beams the outset of the program, and verified
and lumped masses having the transla- by the experimental results, that this
tional and rotary inertia properties approach to the modeling of the inter- 0
of the various parts. These bodies nal components would provide accurate
,!ere permitted the normal 6 degrees of representation of the basic bending

freedom of a particle in space, three modes of the torpedo and resulting
translations and three rotations, acceleration levels to the internal
Fipure 6 depicts a lumped mass with parts. The calculated acceleration
the calculations necessary to determine levels could then be used as input for
the inertia properties. The component a shock specification to be met by
r-odels were attached to the torpedo designers of the actual components.
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MASS MOMENTS OF
ROTARY INERTIA

3i SPRING CONJSTANTS \.

%0

Fig. 6 -Lumped mass calculations for Fig. 7 - Linear springs connecting

cylindrical mass lumped mass to shell model

CONNECTION
TO TAILM MASS/UNIT AREA .

Y 3.

SHAFT

AFT E~NGINE
MOUNT2

FORWARD ENGINE MOUNT 
S

* RIGID SEAM ELEMENT FOR ENGINE
APPROPRIATELY SIZED TO SIMULATE

TRANSLATIONAL AND ROTARY MASS Fig. 9 -Distributed mass loading on
FROPERTIES OF ENGINE a quadrilateral plate element

0 Fig. 8 - Modeling procedure0
for a torpedo engine
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B. Mathematical Composition of As described earlier, each
Dynamic Stiffness Matrix and Determin- grid point in the structural model has
ation of Eigenfrequencies and Eigen- generally 6 degrees of freedom in
vectors space. In the generation and assembly

of the master stiffness matrix [K] by ..
The natural frequencies and the NASTRAN program, each degree of

eigenvectors for the torpedo model were freedom must have associated with it a -
calculated using the NASTRAN finite stiffness term. The torpedo model con- ..
element computer program. The follow- tains 208 grid points and consequently "
ing is a brief description of the 1248 degrees of freedom. In general, -
matrix equations for free vibrations therefore, one would expect the matrix ,
of the structure: [K] to be of size 1248 x 1248. In

actuality, however, the matrix is
[M] 1*X'} + [K] JXJ = 0 (I) quite sparse with terms grouped near
[Ml the diagonal of the matrix, since .-
[M]= mass matrix for the relatively few degrees of freedom are "'-

structure connected to each other through " .
elements. This results in a stiffness

[K] = structural stiffness matrix similar to that depicted in
matrix Fig. 10. -Similar considerations hold

in the generation of the structural
{ = acceleration vector -'.ii-.

Ki- T--1

.xj = displacement vector

Assuming 4% $

X sinst, (2) L--_.-_

temode shapes for free vibration [r

being Xo and substituting Eq. (2)•~ J.

into Eq. (1), "

-[M) X 2 sint +

: ,." [(K] X4 sinwt = 0 u_ .. :.j

which becoaes, upon rearrangement and % 5"

elimination of the sinwt term:

[[K] -. [M]] /Xo} = 0 (3) Fig. 10 - Stiffness matrix with terms %
grouped about the diagonal .% r

Equation (3) presents the
classic eigenvalue problem wherein a mass matrix [M]. The NASTRAN program

non-rivil slutin IX exsts nlydoes not compute mass moments of
- niy (rotary) inertia independently for a

for those values of w which result in model, and these are usually negligible
vanishing of the determinant of the for continuous structures except in 0

* dynamic stiffness matrix, cases where large rotary masses actual-
ly exist in the real structure. As

2 mentioned earlier, rotary masses occur
[K] -w [M] : 0 (4) in the modeling of the internal com-
Toeau ofwaiynponents of the torpedo, and these were
Those values of w satisfying computed separately and included in the

" Eq. (4) are the natural frequencies of finite element model. For the continu-
free vibration for the system described ous segments of the model (shell,' stiffeners, etc.) a diagonal mass
by Eq. (1). The X solutions of Eq.stfers ec.adignlms
b he o matrix was generated and assembled by
(3) are the mode shapes associated with the program based upon lumping of the
those frequencies. mass associated with each element at

4 the connected grid points. Thus, as
Equation (4) is solved within shown in Fig. 11, a quadrilateral plate

the NASTRAN computer program using a element is divided into four regions,
tridiagonalization technique known as and the mass of each region computed
Given Method [1]. and lumped at the nearest grid point. V
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%
Y . Test Configuration and

_________Instrumentation 
.'.'%*

____________The basic purpose of the

x experiment was to identify the resonant
frequencies and corresponding mode

MASS OF DASHED shapes for a torpedo configured in a
REGION LUMPED AT simulated stowage environment. It was• ' I ~GRID-POINT 5 I ".

I GI-PNSdesired to perform the experiments

".".4.1 . inexpensively and in an uncomplicated
fashion. Figure 12 shows a general
block diagram for the equipment used

I during the experiments. The equipment
is divided into three major groups ,*

based on their functions: the driving
system which provides the signals and
force necessary to drive the carriage;
the torpedo with vibration tables and

i - L gof mass at grid lashing straps; and the vibration
Fig. Lumping . measurement system consisting of

points in forming structural mass matrix accelerometers, preamplifiers, and

other signal processing and recording --
The Givens Method of triai- instruments. Each group is discussed

agonalization does not permit the separately in the following paragraphs.
inclusion of massless degrees of free-
dom in the system to be solved. ,. -
Accordingly, since rotary inertia terms
were not computed for the continuous The drive system consisted
parts of the model, the corresponding of three hydraulic vibration generators
degrees of freedom (rotations) were not driven by sinusoidal signals provided

included in the so-called solution set. by power amplifiers and oscillators.
These degrees of freedom were omitted The motion of each vibration generator

- through the use of a static condensa- was measured by a velocity transducer,

tion scheme called the Guyan Reduction. and these signals were fed to servo-
In general, all rotational degrees of units which provided in-phase con-
freedom on the shell and si=iffeners trolled motion of each generator. The
were omitted from the solution set. transducers and servo system were also
However, rotational degrees of freedom used to provide a "motion" program
were retained for all internal com- during frequency sweeping operation

of the torpedo. By using this program the table motionponents could be controlled as either constant
displacement, velocity, or accelera- 71

EXPERIMENTAL ANALYSIS AND NUMERICAL tion throughout the frequency range.
RESULTS A switch-over from one condition to

another could also be programmed at

A. Description of Experimental selected frequencies. A frequency
Configuration. Instrumentation, and range of 5 Hz to 500 Hz was possible
Procedures with this system.

0SYNCHRONIZATION SIGNAL

.-.

DRIVE -TP MEASUREMENT

SYSTEM SYSTEM -

SERVO I .

FEEDBACK

Fig. 12 - Block diagram showing general features of the experimental setup
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The torpedo and the loca- employed to measure the motion of the
tion of the vibration tables and lash- motor internal to the torpedo. As
ing straps are all shown in Fig. 13. shown in Fig. 13, these motor accelero-
In the torpedo configuration, the meters were mounted to measure axial
warhead explosive was replaced with an motion on each side of the motor, and S
inert filler of the same density and to measure horizontal motion on the
the fuel tanks were filled with water. starboard motor side. Rocking motions
Aside from these modifications, all could be determined by measuring the
internal hardware and components were phase between the axially-oriented
the same as an actual torpedo. The accelerometers. Additional accelero-
lashing straps, however, were of meters were mounted on the torpedo
different construction from the types exterior to measure motion at the
used on a submarine, and were more torpedo nose, midsection, and tail. 0
flexible. The dolly motion was simu- These accelerometers helped isolate
lated using three vibration tables "beam-like" modes of the torpedo vibra-
which floated on an oil film and were tion response. A hand-held accelero-
driven horizontally by the hydraulic meter was pressed on the torpedo ex-
vibration generators. The three terior at various locations to map out
tables were synchronized to provide the modal motion in detail. The final
in-phase, horizontal input motion to accelerometer was mounted on the middle
the torpedo. vibration table directly below the "

accelerometer on the torpedo mid-sec-
The instrumentation system tion. This accelerometer was used to

measured the accelerations and mrode measure vibration transfer across the ,.

shapes of the torpedo and table system. lashing straps, and to provide a phase-
A total of seven accelerometers were reference signal. Figure 13 shows all
used. Three accelerometers were nccelerometer locations.

NOSE ACCELEROMETER TAIL ACCELEROMETER 13

CARIAG ACCELEROMETER t

XI L ACCELEROMETER (PORTIO AL ; .

,,, . .

e- ...

LASHING STRAP

i-. ~~CARRIAGE ACCELEROMETER". .

sHORIZONTAL ACCELEROMETER AXIAL ACCELEROMETER tSTAReOARDI oatnsfth

AXIAL ACCELEROMETER (PORTI

|Fig. 13 - Top view of torpedo lashed to three vibration tables .''''''

|showing accelerometer locations. Also shown are the locations of the S
accelerometers on the engine configuration.
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All of the accelerometers In order to synchronize -
were BBN type 510, and had a sensi- the tracking filters, a signal at the
tivity of -40 dBV/g. The accelero- frequency of the drive signal and
meters weighed only 28 grams and thus between 1.0 and 1.2 volts (rms) was
did not load down shell motion at the required. This signal was supplied

% frequencies employed in these tests. by the drive system oscillator, and
These accelerometers also had an fed through an automatic level regula-
integrally mounted preamplifier with a tor acting in a voltage leveling mode.
low output impedance. This minimized This level regulator kept the voltage
cable noise and crosstalk, and made output constant at 1.1 volts despite
the sensitivity independent of cable fluctuations at the input. Unfortu-
length. nately, synchronization of the remain-

Pder of the MZ/TFA system was not
Post-accelerometer instru- possible at the time these experiments

mentation was employed to amplify, were performed. Because of this,
filter, and display the accelerations. several convenient features such as
A block diagram showing signal flows differentiation of displacements, Y
and operations is shown in Fig. 14. input-output ratio, and phase plotting
The accelerometer output voltages were could not be used. Quantities were
amplified to levels necessary for sub- recorded manually.
sequent conditioning by instrumentation
amplifiers. The amplified voltages 2. Experimental Procedure 0

*' were then fed to a Mechanical Imped-Exrmt
arce/Transfer Function Analysis (MZ/ A swept-sine procedure was

' TFA) system which performed two basic employed. Several preliminary sweeps --

functions: first, it provided 10 Hz from low to high frequency were made to
bandwidth tracking filters on each isolate the resonant frequencies of the

* accelerometer voltages. This permitted torpedo. Both motor- and shell-mounted
measurements of low signal levels by accelerometers were monitored.
increasing signal-to-noise ratios.

- Harmonics produced by non-linearities The usable frequency range
in the drive system and by the torpedo was limited at the low end to about 7
response were also attenuated by the Hz. Although the drive system was -
tracking filters. Secondly, the MZ/ capable of 5 Hz, a severe, "rocking"
TFA system was able to accurately resonance at 7 Hz interferred with the ,o.-.
measure the phase between the funda- servocontrol system, producing unstable
mental components of any two accelero- operation below this frequency. The
meters. Amplitude and phase results upper limit of the usable frequency
were displayed on front panel meters. range was determined by poor signal-to-

SYNCHRONIZATION VOLTAGE
FROM LEVER

DRIVE SYSTEM

AMPLIFIER''

TRACKING
PHASE-

AMPLIFIER METEROSCILOET MR -TRACKING ""'* '

0M'FE -FI.-T.-R

MPLTSCILLOSCOPE -_

METER 'E ]Ro
AMPIFIERIO 2 .1 .**

Fig. 14 - Block diagram of post-accelerometer instrumentation signal processing,
and display equipment

• . -.. W W W ,,7,. .,.**.t*.*.

% ....<...-,

12

"- --' -.- " " "' . '" ' '. - -'" " " .", "" , .' v ' -,.. . ,, ,,.., , ..,MR.



noise ratios. Due to the strap flexi- employed so that a smooth crossover was
bility, the acceleration transmitted obtained. Several levels were tried,
to the torpedo by the vibration tables but best results were obtained with an
was attenuated. Thus, acceleration acceleration level of 1.2 g's (peak),
levels on the torpedo decreased as the and a 0.025 cm (peak-to-peak) dis-
frequency was swept upward. At 200 Hz placement level. These levels deter-
and higher, adequate signal-to-noise mined a crossover frequency of about ".'
ratios could not be obtained. 48 Hz. They were also within a safety %

envelope of 3 g's (peak) acceleration
The vibration levels on and 0.25 cm displacement (peak-to-peak). .. --

the driving tables were held to a con-
stant displacement at low frequencies, The motion at a resonantand held to a constant acceleration frequency was mapped out using the "S

level at the higher frequencies. The hand-held accelerometer. The response
crossover frequency was determined at the resonant frequency was peaked "
automatically by the actual levels by alternately sweeping up and down in
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frequency until a maximum acceleration B. Illustration and Discussion .
was obtained. A fixed accelerometer of Experimental Results . "
with an adequate signal was selected as
a phase reference. Then the magnitude I. Resonant Frequencies
and phase of accelerations along the
torpedo shell were measured and record- The results of the swept-
ed. The general mapping procedure was sine tests are shown in Figs. 15 and
a tracing along the length of the tor- 16. Figure 15 presents the magnitude
pedo with several circumferential trac- and phase of motor motion, and Fig. 16
ings at interesting locations. Enough presents the magnitude and phase of the
measurements were taken to map out the torpedo shell motion. All acceleration
vibration field satisfactorily (general- magnitudes are normalized to the middle
ly about 50 points). This procedure vibration table phase. Magnitudes are
could not be used for internal com- plotted in decibels. The results are S
ponent monitoring. Hence, the only plotted as functions of frequency. The
motion monitored was the fixed accel- points represent values calculated
erometers on the forward part of the from voltmeter readings.
engine.
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Aside from the normal accelerations calculated from this
calculation accounting for accelero- equation were compared to the acceler-
meter sensitivity and the amplifier ations measured on the middle vibration
gains, the effect of the crossover table and they agreed, as shown in
from constant acceleration motion to Fig. 17. No correction was necessary _
constant displacement motion had to be for the phase measurements, since all
properly figured. Above the crossover phase angles were measured with respectfrequency, a simple ratio o'f magnitudes to the middle vibration table accelero-
sufficed. However, below the crossover meter.
frequency, the table accelerations were All told, five natural "-','

according to the equation: modes were identified experimentally in

aT = (f/f) 2ac (5) the frequency range of 5 Hz to 200 Hz.
T C C The frequencies, names, and brief

descriptions of these motions are
where aT = the table acceleration listed in Table 1. A description of

the measurements and identification
f = the frequency process follows for each of the modes.

= the crossover frequency No measurements were
possible in the 5 Hz to 9 Hz frequency

ac = the table acceleration range because of a violent, rocking-
at the crossover frequency type resonance about 7 Hz. It was

impossible to control carriage motion
For the data presented, ac = 1.2 g in this range and no measurements
(peak) and f = 48.4 Hz. This could be taken safely. However, visual
corresponds to a displacement of observation from an adjoining control
0.0254 cm (peak-to-peak). The room was possible for brief periods.

+ o

0 ___, 0

N,-

0

20

MEASURED ... '."

-- CALCULATED FROM gO' 46) """""'

-0

-0___5 10 20 50 100-..

~~Fig. 17 -Midcarriage acceleration level as measured by '""'
midcarriage accelerometer compared to the calculated acceleration. ,..""

" ~~The accelerations calculated using equation (5) were used to"''. .
account for the constant displacement portion of sine septests

below 4,8.4, Hz.
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TABLE 1

Brief Summary of the Experimentally Determined Resonant

Motions of a Torpedo in Simulated Stowage Environment -

SUMMARY OF RESONANT CHARACTERISTICS FOR .-
TORPEDO ON SIMULATED DOLLY

NAME FREQUENCY DESCRIPTION

STRAP 7 RIGID BODY TYPE TORPEDO MOTION; 0 ,
LASHING STRAP STRETCHING

MOTOR 25.5 TORPEDO FLEXURE, LARGE MOTOR MOTION, ,". ,
HIGH DAMPING ~

BEAM 44.2 TORPEDO FLEXURE; 2 NODES; LITTLE MOTOR
MOTION; LOW DAMPING

BEAM 115.0 SAME AS ABOVE; 3 NODES

BEAM 188.0 SAME AS ABOVE; 4 NODES

From this observation it appeared that tween the axially mounted accelero- '

the resonance involved rigid body meters was impossible. Hence, a
motion (translation and rotation about measurement of the "rocking" component 111
the longitudinal axis) of the torpedo of motor motion was not made. A curious
combined with stretching of the lash- feature of the motion is the sharp null• ing straps. in horizontal acceleration at the mid-•

Tsection. An illustration of the motion
The first appearance of is shown in Fig. 18a. Since torsional

resonant motion above this frequency motion is not measured by the accelero-
was a highly damped resonance at about meters, it may also be present. No
25.5 Hz. This resonance was not mapping of the motion by the hand-held -.-

-" particularly apparent either visually accelerometer was done. The percentage :L-;-.
or on voltmeter readings. Probably, of critical damping was estimated from a-.

two reasons caused this. First was the slope of the phase curve to be
the high damping which limited the approximately 100%. This large damping
resonant motion and the sharpness of could arise from the rubber motor ' S

the resonance. Secondly, since mounts and flexible coupling.
accelerometers were monitored during a .-*.
constant displacement sine-sweep, a
bias proportional to the frequency
squared was present. This further The remaining three
obscured any peaking. The basic clue resonances that were discovered are
to theopresence of the resonance is apparent as peaks in the torpedo shell S

the 90 phase shift between motor frequency response, Fig. 16. The
acceleration and carriage acceleration resonant frequencies were 44.2 Hz,
as seen in Fig. 15. Furthermore, above 115 Hz, and 188 Hz, and each was a
25.5 Hz, the motor response decreases higher order motion involving the . .

at a rate of 40 dB per decade. entire torpedo in flexure. Hence, they- '
were named "beam" modes. Each of

The motion at this reso- these modes was carefully mapped out .
nance involves motor and tail motions using the hand-held accelerometer. The_0
of approximately equal magnitude but results of the mapping are plotted in
opposite phases. The motion at the Figs. 18b, 18c, and 18d. Each mode
torpedo nose is about the same magnitude was suite peaked, indicating a rela-
and in phase with the tail. Also, the tively small loss factor. By measuring
axial motion of the motor, although the "1/2-power" points on the response
low, peaks near this frequency. Axial curves, the percentage of critical
accelerations on the motor were so low damping was estimated to be 67., 7%.
that a reliable phase comparison be- and 5%, respectively. 0

131 \?..-, -. ,-.

W W W W*W0

46 1% ** %~ 4'6

% 
%.



-77W.-

TORPEDO HORIZONTAL MOTION i

LASHINGENGINE HORIZONTAL MOTION
LASHIG STAPS---%,,

isRes

+1.0.

.4.O

EXPERIMENTAL RESONANCE AT 25.2 cps ~~

474

assi

THEORETICAL RESONANCE AT 1.9 cps.-
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Fig. l8d Experimental and theoretical resonance -beam motion of hull %
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Above 200 Hz, several fundamental mode and frequency of "
peaks were noticed during frequency motor vibration. Subsequently, the .. ,
sweeps. However, acceleration levels finite element eigenvalue analysis was
were low and signal-to-noise ratios exercised, with the motor mount spring
were poor. Since these higher fre- constants determined by the static 0
quency modes would not presumably experimental test. Excellent results
affect the torpedo's shock response in the agreement of theory and experi-
identification of these modes was not the afterbody-motor portion of the

attempted. theoretical model was achieved for an ,.o,
isolated configuration. Unfortunately,

C. Correlation of Finite Element due to the inaccessability of the motor
Analysis with Experimental Results in the complete torpedo configuration, S

measurement of the motor mount compli-
1. Compliance of Mounts ance was not possible. With the lack

of any alternative, the mount stiff- .. .-
In the initial prediction nesses measured in the isolated after-

of modes and resonant frequencies, the body and motor assembly were adjusted
degree and nature of the constraints in magnitude to provide reasonable
imposed by the carriage configuration agreement of the fundamental motor
in the experiment was under consider- resonance in the finite element model
able question. Thus, the finite of the full vehicle test configuration.
element eigenvalue analysis was per- It is noted that wear and fatigue
formed assuming negligible external imparted to the full vehicle during
constraint upon the displacement field. prior range exercises are possible
In addition to rigid body modes, this sources of error in the structural
condition provided the free-free modes equivalence of the two motor mount
and frequencies of torpedo vibration, assemblies.
Bv the indicated low experimental _

frequency of rocking and translatory 2. Discussion of Results
motion (Table 1), and the subsequent
comparison of theory and experiment, The finite element eigen-
the unconstrained condition was deter- value analysis predicted mode shapes .
mined to be an excellent representation and frequencies for both horizontal and
in regard to characterizing the normal- vertical plane vibration. Horizontal
ized modes and frequencies of the and vertical modes were obtained with
torpedo as they occurred in the similar forms, but slightly different
experimental configuration. It is frequencies, since the torpedo contains
noted that for an unconstrained con- internal equipment rails that are
figuration, the eigenvalue analysis mounted horizontally along the interior
predicts both horizontal and vertical of the hull and act as stiffening
modes of vibration which differ slight- members. By the comparison of theory
ly due to minor magnitudes of struc- and experiment, it was concluded that
tural asymmetry. However, the limita- the additioral stiffness due to the
tion to horizontal excitation in the equipments rails is a negligible
experiment resulted in appearance of quantity which leads to nearly identi- .-
only horizontal modes in the frequency cal horizontal and vertical plane mode
response spectrum. Thus, the compari- shapes. In addition, torsional and ]
son of results is presented in terms axial resonances were predicted by the
of horizontal mode shapes and frequen- analysis. Since the torpedo was
cies. excited experimentally only in the

horizontal plane, the comparison of
In addition, the magnitude theory and experiment is made solely on

of the spring constants for proper the basis of transverse motion. The
representation of the motor mounts was comparison of theoretical and exneri- N
determined to be a critical parameter mentai mode shapes and frequencies is
in the analysis of torpedo vibration. illustrated in Figs. 18a through 18d.
Since the mass of the motor is sizeable, Fig. 18a shows the experimentally and
the stiffness of the attachment to the theoretically determined frequencies -
hull has a major influence upon modes for motor resonant response. The4 and frequencies of vibration. For finite element grid points, 200 and
this reason static and dynamic tests 201, are essentially at the same
were performed on an afterbody equiva- location as the forward and aft accel-, "
lent to that used in the full vehicle erometers on the motor in the experi-
test configuration. Static deflection mental test configuration. Thus, the .. t
tests were performed by boring holes motion of the motor shown experimental-
through the hull to provide access for ly (dashed line) is compared to the
leading probes. Dynamic shaker tests line connecting node points 200 and 201
were then conducted to determine the in the element grid. The agreement in
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[. the frequency of resonance represents ACKNOWLEDGEMENT .

[* that obtained by a step correction of
the stiffness of the motor mounts in The authors would like to thank
the finite element model. The lack of J. Higson and M. Martino of NUSC for
exact knowledge concerning the condi- their assistance in the modeling and
tions and properties of the motor analysis presented in this study.
mounts in the complete torpedo con-

- figuration led to disparity of The authors of this paper would
theoretical and experimental motor also like to express their appreciation.-..-

" resonances. Thus, the single step to NAVSEA (Code 031) for supporting
correction of mount stiffness was made this investigation.
to provide improved agreement.

Figures 18b-18d show the REFERENCES
"" comparison of theory and experiment for

remaining modes of vibration. It is I. W. Givens, "Numerical Computation
seen that the modes are essentially of the Characteristic Values of a Real, .
free-free type beam modes. Although Symmetric Matrix," Oak Ridge National
the theoretical frequencies generally Lab., ORNL-1574, 1954. , -
tend to be higher than those observed
in the test configuration, the mode 2. R. H. Messier, "Analysis of
shapes are in excellent agreement. The Torpedo Joint Bands in Bending," NUSC "O
high values of frequency are expected TM No. SB22-4340-72, 28 August 1972.
since the breakdown into finite
elements produces a relatively "stiff"

- structural model. A refinement of the APPENDIX
element size in addition to a more
accurate specification of both motor Ccao fBdgnTs
mount and equipment mount stiffnesses Calculation of Bending and Tension

would improve the results. However, Te mod used int Bandsa
in regard to low-frequency shock load- T edi h c
ing, the current characterization is T hee s in te as ,
viewed to be an adequate representa- tion of these stiffness terms was

tion in order to produce reasonable originally developed and presented in %
estimates of response. Ref. 2.

CONCLUSIONS Tension Stiffness

The basic assumption in this cal-
A finite element model of a culation is that the joint bands are

torpedo vehicle was assembled in order lubricated so that tensile loading on ., .
to facilitate the study of shock- the joint results in expansion of the

" loaded response. The investigation band diameter and thus sliding of the
presented in this paper provides a band up the inclined planes provided P %

basic phase in the validation of the by the band seat, as shown in Figure
model. By comparison of the theoreti- A-1.

. cal and experimental results, it is

.' shown that the model is capable of
predicting resonant mode shapes ex- -A, I-
hibited by an actual torpedo configur- -________ "_"_______,___,
ation. The overall agreement between,-

theory and experiment is excellent.
The structural stiffness and damping LOAD

of the motor mount assembly are criti- 
L

cal parameters, since the mass of themotor is a sizeable quantity. Thus, a

refinement of the stiffness matrix - .
for the motor mounts, based upon more Fig. A-I
detailed experimental information,
would improve the agreement between Tensile loading produces an axial dis-
theory and experiment. In general, %ce ot minsf su74 te prdicion f th repons ofplacement of the mating surfaces, u,the prediction of the response of which is uniform around the circum- S
masses internal to the hull requires ference. The change in radius of the *,- ..
detailed knowledge of the mounting band, A r, results in circumferential . e
characteristics. Within the limita- strain in the band.
tions of the current study, the pre-
diction of resonant characteristics , ,
with a reasonable level of confidence A r -% -

is demonstrated, and the basis for c r
shock response ,,imulation is formulated.
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tan# U For the bands,

Ar r

T -tan 0 E - 10.5 X 106 psi (7.24 x 1011

= 1 dyn/cm2)
Cc t tan # Ab - .985 in2 (6.35 2

c +Pr - 10.5 in (26.67 cm)
c 2 rtan -1

where: k - 4.5 X 107 lbin (7.88 X 1012%
dyn/ cm)

E is the Young's modulus of
the band material Using an average shell thickness

r is the radius of the band of 0.4 inches (1.02 cm) for the .

P is the preload on the clamp torpedo, the extensional spring
band bolts constant for the shell is:

Ab is the cross-sectional area
*of the band kshell - AE/L; L-230 in (584.2 cm) .

This stress distribution may now - 1. 23 x 10 6 lb /in (2. 15 x
be integrated to find the force distri- 1011 dyn/cm)
bution on the band. In particular, '

equilibrim of one-half of the band can Thus the clamp band joints are
be considered, as in Fig. A-2. stiffer in tension than the torpedo%

shell, and neglecting their effect
is therefore justifiable. ~

F A similar development for bending
a t the clamp band joints yields:%

Fig.(C 3 (4AbEr)

A- kedig 2 (4+wr) tan 4

2 Ffsin sin 0ds-2oc Ab A~

* where F is the force per unit length(4i)tn *
of band which is constant by symmsetry *\.-

* for the tension case. =1.27 x 109 in.-lb/rad >. e

us = r d 0 (1.43 x 1015 dyn-cm/rad) :-...

ds=rdaFor the torpedo shell, bending .

2a A =2 F r sin *stiffness is:

= E u+2P kbending of shell =0E/)
*a 0 Fiij A O order

b of(

Ebu + 4P =2 F r sin$ =0(7.0 x 107),
r tano (7.9 x1013

EAbU 4P

2 F ta 2 r+ i Thus the bending stiffness of the N
2 r an *sin 2 rsinclamp band joints will be a minimum of

one order of magnitude greater than the
It therefore followvs that the bending stiffness of the torpedo shell,

* spring constant, k, for the clatap band and their effect can therefore be0
joint is: neglected, since the region of influ-

ence is very small. .:

k= 2 2vr
2 rz tan # sin *

r tan *sin*
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LAGUERRE FUNCTION REPRESENTATION OF TRANSIENTS

.
' '
p. " ' " '' ' '' ' " " ' " " . ' .i.. -,.; ?"h 1

G. R. Spalding

Wright State University
' Dayton Ohio

% This paper discusses Laguerre functions and their use in
modeling the dynamic response of highly damped systems.
Laguerre functions of varying time constant are generated
from the Laguerre polynomials. By sampling at the axis '
crossings of the nth order Laguerre polynomial, system
response can be represented by a finite set of orthonor-
mal vectors. These vectors provide both a representation
that is exact at the measurement points and interpolation
functions that can be suited to the application.

FINTRODUCTION a model is

This paper presents an introductory . 2

%discussion of the Laguerre polynomials + an (t)ei u f-t
and their application to modeling the dt 2  t +u ft . ()

I%

dynamic response of systems. These
polynomials are particularly well suited This can be converted to an integral
to highly damped motions. Further, equation 3] having the form
because they obey a summation as well as
an integral orthogonality, they are an u(t) ag(t)
ideal means of representing measured
response data. In so doing they provide b a(2)
the measurement locations, as well asu euota inTe tonTJt

flexibility both in the weighting of

<-.?

measurement points and in the form of where O(T) is to be estimated on the
the i ctions dbasis of completely accurate measure-

r re oy ms ese -ments made upon u(t). The functionTiapo caseiofste acia ply als spe- g(Tt) is known. If u(t) is measured at
arthe Cghyaevd ans.sucN points in time, it can be represented

many of the computational advantages of
this class of functions. Although they
have been a part of the literature of N-i a
theoretical physics for nearly a century,u = , an n (i)
they were given particular engineering
significance in the nineteen thirties where t T ar te esumt onts
when Lee [1] demonstrated that they compeTe th e measure -[ and correspond to the roots of
could be generated by conventional ana-
log circuits. In the early nineteen N
fifties, Wiener [2] brought them to

, prominence with his work on the synthe- N-i ,7.
sis of nonlinear systems. Since that and the n(T) are a set of Laguerre func--
time they have received little attention tions. It is these functions that this
from the engineering community. paper discusses.

The application that prompted the
writer's initial use of the Laguerre THE LAGUERRE FUNCTIONS
polynomials was the identification of
time-varying coefficients in second- The Laguerre polynomials are a cor-
order models. A simplified form of such plete set of functions, orthonormal ovt

1%.om1th 'e cownuni ty , p e d u s. , -
i t a p r o mp t e

.R..

'V, , %,-

% z



the interval zero to infinity with
respect to the weighting function e

- . #n(t) = LP(t)et/2  (10)

fL(t) Lm(t) e-t dt = 1 n=m Then

o"ngm Jn(t) *m(t) dt = 1 m=n (1)"

The nth polynomial can be computed from =0 m#n
the general expression

and the nth Laguerre function is defined

1 tdn n-t by
L n(t) = T.e -(t et), (6) n

= 1 et/2 ddtn e -t n )-  (12)

or, from the recurrence relation, 
* a.

The recurrence relation remains the same(l)n+l~t as for the polynomials, namely,..mm ""

= (l+2n-t)Ln (t) - nLl(t) (7) (n+l)*n+l(t) •

= (l+ 2 n-t)n (t) - n n-l lt) (13)

A function f(t) can be represented
as The series expansion of f(t) is "

f(t) = a n L(t) , (8)
n=o f(t) = Y bnin(t) (14) 0

where n=o

-., L,-td and the coefficients are obtained from- a n ] f (t) L n(t) e-t dt . (9)".''$
-' an = -

" ~ ~~b =(tltdt .(15) -...

" Figure 1 shows the first five Laguerre J(
polynomials plotted over their range of ,
greatest interest. With the exception Figure 2 shows the first five of these
of LO(t), these functions are unbounded functions. Note that they decay with
and consequently only suitable to repre- time and are asymptotic to zero ampli-
sent functions that increase with time. tude.

L Ati ~~ampltude ".0" ":

#4)

,;- .4! d L() -8 -

o tme +.4-

-auer fucin, sdfne yic- nme"oem2s eurd. Frhr

_ 2 3 " \ L,(I) 

:0 % 
m

onm -.for,, i.f mu bko orl t--6- -.-..

Amplitude vs Time -Laguerte Polynomial$ (I 20) Amplitude vs Time - Laguerre Functions (az-.5)

.iure 1 Figure 2 r

4N.

To obtain a bounded series, an In order for equations (8) or (14)
alternate form, generally called the to represent f(t) exactly, an infinite .,%

.. Laguorre functions, is defined by incor- number of terms is required. Further, -
porating the weighting function into the to obtain the coefficients accurately,
polynomial form, i.e., f(t) must be known for all t. When 6 .

n ~~~38 -,.,-.
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" representing a measured function, f(t), X0(t A
only a finite expansion can be obtained, •1 0 1  200 (t2) " •)
based on knowledge of f(t) at a finite
number of discrete values of t. The X101(tl) X20l(t2)
proper reference for such data, whether
temporal or spatial, is a finite- M

* dimensional vector space, rather than a O
.- truncated infinite-dimensional function
* space. Either the Ln(t) or the On(t) XlN 1 (t ).......N _(tN)

can be used to construct such a space. N-11 NN-l"

As an example, a four-dimensional (21)
space will be generated using the *n(t). For symmetric matrices,
Using equation (13) and defining
0-l(t) E 0, the first four recurrence
relations are M MT - MT M - 1 (22)

01(t ) =(l-t}0(t) where MT is the transpose of M. Using
(l-t)-"(t) (22) produces the summation (or dis-

crete) orthogonality relationships
202 (t) : (3-t)01 (t) - 00(t)

(16) N 1
33 (t) (5-t)02 (t) 2*i(t) k -o2rn~tk)$(23).. k~~~l 0 nom (3 """"

4*4 (t) = (7-t) 03 (t) - 32 (t)

Rt t tt h i e vu Thus, if f(t) is measured at N dis- v..
Restricting t to the discrete values ti  crete times, ti, and represented by .,e

where ti are the roots of 04 (t), namely,

= 0 (17) f(ti ) = bn (t i ) (24)
n=o

the recurrence relations in matrix form the bn are obtained from
are n ai

N
l-t i  1 0 0 *0 (t i ) bn = * )i2 flti)*n( t i ) . (25)
-1 3-t 2 0 1(ti)

'i0 . Four points are emphasized as a

10 -2 5-t 2 (ti) result of this development:
-3N( 1. The use of the sample times ti

0 0 -3 7-t iL3 (ti) (18 assures independent measurements.
2. The concepts presented hold not

The tonly for the ,n(t) and the Ln(t) but
The ti are the eigenvalues of the square also for more general Laguerre functions

' matrix, and the *n(ti) (n=0,1,2,3) are that will be presented below.
. the corresponding eigenvectors. The 3. The integrations, generally used
* symmetry of the square matrix assures to evaluate coefficients, are replaced

the orthogonality of the vectors, by simple summations.
4. The representation of f(t), at

In general, the coordinates of an the measurement points, is exact.
N-dimensional vector space are 0

S(ti) ' (ti) '" " " N-I(ti) VARIABLE WEIGHTING .

where the ti are the N roots defined by Referring to equations (24) ind
(25), it is apparent that the Ak act

•N(ti) = 0 . (19) to weight the measured values. For *$9%. '
ON "i) example, Figure 3a shows the weights for

the L4(ti) -0 system. As this system 0
The coordinate vectors are normalized by exhibits increasing amplitude with time, .

the weighting decreases with time. In .-

A 2 N *n2  contrast the functions associated with
N O (t) - 1 (20) the *4(ti) =0 system decrease with time,

and thus the weighting increases with
time, as shown in Figure 3b.

This yields the orthonormal modal matrix .
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of *n(t) (a=-.5) and then, for contrast,
by a four-term expansion of Ln(t) (c=O).
The results are shown in Figure 4. Both .

The distribution of weights can be approximations are exact at the four
controlled by incorporating various measurement points. The *n(t) expansion
portions of the exponential weighting provides good interpolation between
into the expansion functions. Defining points; the Ln(t) interpolation is very

poor. I).

n(t) = L(t)et (26)

CONCLUS IONS,,,,,,,,

the orthogonality condition is 
OC O

It is important to note that the
at Laguerre functions are not suited to %

=IP We dt 1 m--n pulses containing lightly damped oscil-
= 0(27) lations. The representation of such %

functions would require an excessive -.

where number of terms in the series. In such ,.
cases, high frequency vibrations can

2 + 8= -. often be separated from the basic pulseand modeled separately.
The weights associated with an a of -.4 

., -

are presented in Figure 3c. It is also necessary to adjust the I
time scale of the functions to be repre- ,!.'

The a exponent not only varies the sented to coincide with the scale of the
weighting but also changes the form of expansion functions. When using the
the expansion functions. 

The expansions interpolation property, 
it is particu- 

% r

will always be exact at the measurement larly important to match the time con-
points, but interpolation between points stant of the problem to that of the

- will depend upon the a value. To illus- expansion functions.
trate, the response of the system

Finally, although the complete solu-
2 tion of the problem raised in the Intro-

+ 1.9 + y - 6(t) (28) duction is outside the scope of this-*l..

dt 2  paper, the use of the Laguerre functions
in obtaining the solution can be

was represented by a four-term expansion indicated.
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The integral in equation (2) can be Equation (30) is now
approximated to an arbitrarily high
degree by a Gauss-type quadrature for- N-i
mula based on the Laguerre polynomials u(t) - g(t) I anKn(t) . (33)
(4], i.e., n=o

r d This equation can be solved for Kn(t)
JU(T) I d [g (T , t ) (T) I}Jd T  because g(t) is known and u(t) is.0 T measured. The an are the expansion

coefficients of u(t). Once the Kn(t)
N are known, they are used in equation
- 2 U(Tk){[g(T,t)8(T)]} . (29) (32), which can then be solved for 8(T).

k~l T=T k  ''k - TkThe important point is that use of S

. If equation (3) is put into the right- the Laguerre polynomials, particularly
for highly-damped, sampled data, pro-

hand side of (29), then equation (2) vides a discrete approach which is high-becomes ly accurate (for the number of samples)
u (t) g (t) and computationally simple. . *-
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